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Abstract 

The  EGF  receptor  family  consists  of  four  members  (EGFR  and  HER  2,  3  and  4).  One, 
HER2,  is  overexpressed  in  20-25%  of  human  breast  cancers  through  gene  amplification  while 
another,  the  EGF  receptor,  is  thought  to  be  overexpressed  or  activated  in  poor  prognosis  breast 
cancers.  Our  objective  was  to  determine  whether  the  most  recently  discovered  member,  HER4, 
triggers  a  distinct,  anti-proliferative  and  differentiation  signal  in  breast  cell  lines  and  could 
therefore  be  a  marker  breast  cancer  with  a  better  prognosis.  After  cloning  the  HER4  cDNA  and 
constructing  various  chimeric  and  mutant  receptors,  we  created  novel  breast  cell  lines  expressing 
a  variety  of  molecular  constructs.  These  were  used  to  conclusively  demonstrate  that  HER4 
activation  stimulated  anti-proliferative  and  differentiation  responses  in  breast  cell  lines,  even  in 
the  absence  of  HER2  signaling.  Thus,  HER4  is  both  necessary  and  sufficient  to  slow  the  growth 
of  breast  cancer  cell  lines.  Studies  in  the  last  year  allowed  development  of  microarray 
technology  to  delineate  the  effect  of  HER4  signaling  alone  as  compared  to  combined  HER2, 
HER3,  HER4  signaling  in  the  control  of  gene  expression.  The  experiments  using  the  cell  lines 
developed  for  this  project  have  been  performed,  and  hybridizations  to  10,000  cDNA  chip  arrays 
have  taken  place.  These  arrays  are  awaiting  bioinfomatic  analysis.  Lastly,  we  have  investigated 
the  role  of  EGFR  vIII  as  a  regulator  breast  cancer  tumorigenesis.  We  have  shown  EGFR  vOI  is 
capable  of  phosphorylating  HER  4  when  co-expressed  by  transfection  but  does  not  appear  to  do 
so  in  the  context  of  overexpression  in  breast  cancer  cell  lines. 
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Introduction 

The  human  EGF  receptor  2  gene  (HER2)  is  amplified  and  overexpressed  in  20-25%  of 
invasive  breast  cancer  (1).  Moreover,  many  (but  not  all)  observations  indicate  that  poor 
prognosis  breast  cancers  exhibit  increases  in  EGF  receptor  content  and/or  an  EGF  receptor 
autocrine  loop  with  the  production  of  TGFa  (2,3  and  see  Table  1).  Both  EGF  receptor  and  HER2 
can  interact  with  each  other,  or  with  HERS  leading  to  growth  and  proliferation  (4,5).  Ligand 
(heregulin)  dependent  or  independent  activation  of  HER3  and  HER2  signaling  may  be 
responsible  for  a  proliferative  signal.  However,  in  certain  cells,  heregulin  causes  differentiation. 
It  is  possible  that  this  heregulin-dependant  differentiation  is  a  product  of  HER2  signaling,  but  it 
may  also  involve  signaling  through  the  fourth  member  of  the  family  HER4  (6,7).  A  third 
possibility  is  that  in  selected  cells  HER4  and  HER2  hetero-dimerize  and  a  combined 
HER2/HER4  signal  causes  heregulin-dependant  slowing  of  growth  and  induction  of 
differentiation.  If  HER4  signals  stop  proliferation  and  cause  differentiation,  then  HER4 
activation  may  slow  the  growth  of  breast  cancer. 

In  addition,  any  HER4  anti-proliferative  pathway  would  contain  gene  products  with  anti¬ 
growth  functions  that  could  be  classified  as  tumor  suppressors.  Loss  of  such  tumor  suppressors 
could  be  a  cause  of  breast  cancer  progression.  Our  tasks  in  this  DOD  grant  were  to  obtain 
definitive  evidence  that  HER4  provides  a  different  biologic  signal  in  breast  epithelium,  i.e., 
differentiation  and/or  anti-proliferation  rather  than  proliferation,  and  to  elucidate  the  pathway,  or 
elements  of  the  pathway,  that  differ  between  HER4  and  the  original  three  members  of  this 
receptor  family  (EGF  receptor,  HER2  and  HER3).  To  this  end,  we  created  molecular  reagents, 
and  cell  lines  and  devised  technology  which  allowed  us  to  prove  that  HER4  sends  an  anti¬ 
proliferative  signal.  These  reagents  and  cell  lines  should  provide  us  the  wherewithal  to  isolate 
the  unique  members  of  the  HER4  pathway  as  well  as  substrates  phosphorylated  by  this  tyrosine 
kinase  in  the  coming  years. 


Body  of  Text 

Using  this  DOD  funding,  we  have  firmly  established  that  HER4,  as  a  unique  signaling  agent, 
is  capable  of  sending  an  anti-proliferative  signal  in  breast  epithelia  cell  including  at  least  some 
breast  cancer  cell  lines.  In  addition,  HER4  is  at  least  partly  responsible  for  a  differentiation 
signal  including  the  synthesis  of  neutral  lipids  and  the  induction  of  E-cadherin,  a  transmembrane 
protein  whose  expression  decreases  in  many  aggressive  breast  cancers.  To  reach  these 
conclusions,  we  have  created  multiple  molecular  constructs,  several  antibodies,  and  a  number  of 
unique,  stably  transfected  cell  lines.  These  will  allow  us  to  pursue  subsequent  objectives  in  the 
future,  the  elucidation  of  the  signaling  pathway  by  which  HER4  sends  its  anti-proliferative  and 
differentiation  signals. 


A.  Creation  of  molecular  reagents  to  study  the  growth  promoting  and  differentiation 
effects  of  EGF  receptor  family  members 

Full-length  HER4  cDNA  clones,  to  our  knowledge,  were  only  available  by  materials  transfer 
agreements  with  one  of  several  companies.  These  type  of  agreements  inhibit  the  free  flow  of 
information  and  we  thought  it  important  to  make  our  own  reagents.  To  this  end,  we  cloned  the 
cytoplasmic  domain  of  the  HER4  receptor  and  created  a  EGF  receptor  (extracellular  and 
transmembrane  domains)  HER4  (cytoplasmic  tyrosine  kinase  domain)  chimera.  We  then 
decided  for  a  number  of  reasons  that  we  needed  the  entire  HER4  molecule  and  therefore  we 
isolated  by  PCR  the  HER4  extracellular  domain  again  using  RNA  isolated  from  the  MDA-MB 
453  cells.  After  high  fidelity  PCR  and  exhaustive  sequencing,  we  selected  a  clone  that  was  wild 
type  with  respect  to  amino  acid  sequence  and  created  a  full  length  HER4  cDNA  expressed  using 
two  vectors  pcDNA  and  pLXSN.  The  latter  can  be  used  to  make  amphotrophic  viruses  capable 
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of  infecting  human  breast  cell  lines,  and  in  fact  we  used  that  strategy  several  times  (see  below). 
Figure  1  schematically  outlines  clones  and  shows  our  strategy,  which  we  have  now 
accomplished,  to  create  a  kinase-dead  full  length  HER4  and  a  HER4  kinase  dead  EGF 
receptor/HER4  chimera.  These  constructs  were  needed  to  achieve  the  aim  of  defining  a  HER4 
signal.  We  showed  that  the  chimera  was  capable  of  slowing  growth  both  in  the  breast  cancer  cell 
lines  and  in  32D  cells  (see  below).  The  appropriate  control  to  show  that  this  was  due  to  the 
HER4  tyrosine  kinase  is  a  kinase-dead  construct. 

Another  type  of  dominant  negative  construct  was  made,  the  extracellular  domain  anchored 
by  a  transmembrane  domain  of  HER4.  We’ve  used  the  full  length  HER4  cDNA  and  placed  a 
stop  codon  right  after  the  tri-basic  amino  acid  anchoring  sequence  in  the  juxtamembrane  area  of 
the  molecule.  High  level  expression  could  block  the  differentiation  effect  of  heregulin  in  MDA- 
MB  453  cells  and  other  cells  in  which  heregulin  causes  differentiation.  These  experiments  are 
planned. 

Lastly  in  the  area  of  creation  of  new  reagents,  we  realize  that  since  the  HER4  signal  is 
growth  inhibitory  it  may  be  difficult  to  create  cell  lines  expressing  this  molecule.  Therefore  we 
cloned  the  full  length  HER4,  the  chimera,  as  well  as  the  kinase  dead  version  of  these  two 
molecules  and  the  HER4  dominant  negative  cytoplasmic  domain  into  the  tetracycline  off  system 
(Fig  2).  This  was  felt  to  be  one  the  best  inducible  promoter  systems.  However,  we  have  not 
been  successful  in  creating  tet  responsive  gene  expression  in  any  of  the  breast  cancer  cell  lines 
that  we  tried.  The  background  expression  remained  high,  the  system  was  therefore  not  inducible. 
Fortunately,  we  were  able  to  make  new  cell  lines  stably  expressing  HER4  (see  below). 


B.  Action  of  the  EGF  receptor  HER4  chimera  and  32D  cells 

We  created  stably  transfected  neo-resistant  32D  cell  expressing  the  EGFR:HER4  chimera. 
Populations  of  chimeric  transfected  32D  cells  underwent  growth  slowing  in  response  to  ligand 
(EGF).  This  was  in  line  with  our  hypothesis  that  HER4  sends  a  differentiation  and  not  a 
proliferative  signal.  We  next  selected  two  clones,  which  express  different  levels  of  the  HER4 
chimera.  EHC-2  expresses  a  high  level  and  EHC  1 1  expresses  10-20%  as  much  HER4  chimera. 
Figure  3  shows  a  FACS  analysis  of  HER4  chimera  expression.  Figure  4  shows  the  amount  of 
tyrosine  phosphorylated  HER4  chimera  in  the  two  clones.  The  high  expressor,  EHC  2,  exhibits 
constitutive  autophosphorylation  of  HER4.  The  addition  of  EGF  dramatically  increases  tyrosine 
phosphorylation  but  the  most  important  aspect  is  that  there  is  phosphorylation  in  the  basal,  non¬ 
ligand  state.  This  correlates  with  the  growth  curve  Figure  5,  which  demonstrates  that  EHC2 
grows  much  more  slower  and  that  EGF  blocks  IL-3  dependent  growth  in  this  clone.  The  lower 
expressor,  EHC  clone  1 1,  contains  HER4  chimera  and  it  can  be  activated  in  a  EGF-dependent 
manner.  However,  there  is  no  constitutive  phosphorylation  and  this  clone  grows  much  faster  (as 
shown  in  Figure  5). 

C.  Production  of  antisera 

We  have  not  been  satisfied  with  the  commercial  antisera  to  HER4  (or  HER3)  and  therefore 
made  polyclonal  antibodies  by  creating  GST-fusion  proteins  and  contracting  with  a  commercial 
vender  to  produce  antibodies.  An  original  GST  HER4  fusion  protein  immunization  using  the 
mid  C-terminal  region  did  not  produce  antisera  with  significant  titer.  We  next  re-immunize  with 
a  100  amino  acid  C-terminal  fragment  of  HER4  and  have  now  obtained  an  excellent 
immunoprecipitating  antibody.  Figure  6  shows  that  HER4  antibody  will  immunoprecipitate 
tyrosine  phosphorylated  HER4  from  clone  2.  The  antisera  is  sufficient  to  detect  phosphorylated 
HER4  in  ligand  treated  breast  cell  lines  that  express  modest  HER4  levels.  We  have  recently 
obtained  anti-HER3  antibodies  with  excellent  immunoblotting  properties  using  a  GST  HER3  C- 
terminal  fusion  protein  as  immunogen. 
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In  addition,  we  have  placed  the  extracellular  domain  of  HER4  into  the  p-FASBAC  vector 
and  have  created  a  HER4  extracellular  domain  baculovirus  (Fig  7).  This  soluble  protein  has  the 
6  histidine  tag  at  the  end  and  therefore  we  can  purify  the  extracellular  domain  using  nickel 
columns.  This  immunogen  was  used  by  a  contractor  in  an  attempt  at  monoclonal  antibody 
production.  Our  aim  was  to  create  a  monoclonal  antibody  capable  of  recognizing  the  human 
HER4  in  paraffin-embedded  sections.  In  this  manner,  we  would  be  able  to  do  translational 
research  with  archived  tissues  allowing  us  to  determine  whether  the  HER4  expression  level  is  an 
independent  prognostic  variable  for  breast  cancer  survival  or  whether  it  is  a  modifier  of  HER2 
predicted  prognosis.  Unfortunately,  our  contractor  was  not  successful  in  making  monoclonal 
antibodies.  We  have  obtained  as  a  gift  of  Mark  Slikowski  of  Genentech,  several  candidate 
HER4  monoclonals  that  we  will  test  for  the  desired  properties. 


D.  Studies  of  the  SUM  44  cell  line 

We  work  with  a  number  of  breast  cancer  cell  lines,  including  those  initiated  in  Steve 
Ethier’s  laboratory  at  the  University  of  Michigan.  Figure  8  shows  that  treatment  of  various  cell 
lines  with  heregulin  resulted  in  growth  suppression  in  several  lines  including  the  SUM  44  cell 
line.  The  MDA-453  cell  line  that  has  been  shown  by  others  to  exhibit  heregulin-dependent 
differentiation  does  not  do  so  in  our  hands.  Investigation  showed  that  our  clone  has  a  high  level 
of  basal  (non-ligand-dependent)  HER4  tyrosine  phosphorylation.  The  cell  line  grows  slowly  due 
to  a  heregulin  autocrine  loop.  Our  work  analyzing  HER4mRNA  (see  later  section)  shows  that 
only  cells  that  express  HER4  mRNA  undergo  heregulin-dependent  growth  slowing.  Figure  9 
shows  the  SUM44  anti-proliferative  response  to  both  heregulin  and  HB-EGF.  Both  ligands 
(from  two  separate  ligand  families)  are  capable  of  activating  HER4  tyrosine  phosphorylation. 
Figure  10  shows  the  extent  of  HER4  tyrosine  phosphorylation  in  SUM  44  and  MDA  453  cells 
treated  with  heregulin  or  HB-EGF.  It  is  clear  that  heregulin  stimulates  a  HER4  signal  as  a  judge 
by  tyrosine  phosphorylation  to  a  greater  extent  than  HB-EGF.  These  experiments  were 
accomplished  using  our  polyclonal  HER4  antisera.  This  antiserum  is  excellent  for 
immunoprecipitation  and  western  blotting  and,  we  believe,  is  superior  to  any  commercial 
antibody  on  the  market.  Figure  11  shows  that  SUM44  cells  treated  with  heregulin  differentiate 
as  judged  by  morphology  and  their  elaboration  of  neutral  lipids  indicating  that  the  HER4  tyrosine 
phosphorylation  results  in  a  true  differentiation  phenotype.  Figure  12  shows  a  fluorescence- 
activated  cell  sorter  analysis  of  SUM44  cell  neutral  lipid  content  that  increases  with  heregulin 
treatment.  Other  assays  (not  shown)  demonstrate  that  DNA  content  increases  in  cells  treated 
with  heregulin.  Cells  enlarge  as  they  differentiate,  as  well  as  double  their  DNA  content.  This 
could  be  interpreted  as  cell  cycle  arrest  at  the  G2M  border,  but  it  could  also  be  a  result  of 
polypliod  development  (endoreduplication)  in  differentiated  breast  cell  line.  Lastly,  stable 
transfection  of  the  kinase  dead  HER4  cDNA  into  SUM44  cells  blocked  heregulin-dependent 
growth  slowing  (Fig  13).  This  shows  that  HER4  is  necessary  for  the  ligand-dependent  anti¬ 
proliferative  response. 


E.  Development  of  a  matched  pair  of  cells  expressing  or  not  expressing  HER4 

To  give  additional  proof  that  the  HER4  signal  is  anti-proliferative,  we  created  matched  pair 
of  transfected  cells,  which  expressed  or  did  not  express  HER4.  We  screened  available  cell  lines 
and  determined  that  the  SUM102  cell  line  did  not  express  the  HER4  receptor.  Our  HER4 
molecular  constructs  (and  vector  alone  conferring  neo  resistance)  were  packaged  as  an 
amphotrophic  retrovirus  and  used  to  infect  several  hard  to  transfect  cell  lines  such  as  the  SUM 
102  cell.  G4 18-selection  resulted  in  the  creation  of  two  types  of  cells,  SUM  102-HER4  and 
SUM  102  neo  vector.  Figure  14  provides  convincing  evidence  in  SUM  102  neo  vector  cells  did 
not  exhibit  HER4  activation  when  treated  with  heregulin.  On  the  other  hand,  clones  were 
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selected  in  which  heregulin  dramatically  stimulated  HER4  tyrosine  autophosphorylation.  Thus, 
we  have  created  a  matched  pair  of  cell  lines  expressing  HER4  or  vector  alone. 

These  cells  were  tested  for  their  growth  inhibitory  response.  Figure  15  demonstrates  an 
anti-proliferative  response  of  HER4  containing  cells  to  heregulin.  The  cells  (SUM102  HER4) 
also  show  an  anti-proliferative  response  to  HB-EGF  (not  shown).  Fi^re  16  shows  the  results  of 
the  neutral  lipid  FACS  assay  we  have  developed.  The  cells  treated  with  or  without  heregulin 
were  stained  with  Nile  Red  and  then  analyzed  by  FACS.  Heregulin  produced  a  significant  shift 
in  Nile  Red  positive  cells  providing  evidence  that  not  only  did  heregulin  slow  the  growth  of  the 
cells  expressing  HER4,  but  heregulin  resulted  in  differentiation.  As  expected,  control  SUM  102 
neo  vector  cells  did  not  respond  to  heregulin  with  differentiation.  Another  assay  for 
differentiation  is  the  induction  of  E-cadherin.  This  gene  is  not  expressed  in  SUM44,  so  we  could 
not  assess  the  ability  of  a  HER4  ligand  to  induce  E-cadherin  in  those  cells.  However,  in 
transfected  SUM102  HER4  cells,  heregulin  increased  E-cadherin  expression;  this  did  not  occur 
in  neo  vector  SUM  102  cells  (Fig  17). 

F.  Demonstration  that  HER4  sends  an  anti-proliferative  signal  in  the  absence  of  HER2 

It  has  been  known  for  over  10  years  that  when  certain  cells  are  treated  with  heregulin,  they 
differentiate;  in  fact,  one  of  the  original  groups  that  isolated  a  putative  ligand  for  HER2  called 
the  protein,  the  neu  differentiation  factor  or  NDF  because  the  cell  systems  that  they  studied 
differentiated  when  treated  with  the  factor  during  purification  (8).  Virtually  all  of  the  studies 
investigating  heregulin-dependent  cell  growth  or  differentiation  using  breast  or  ovarian  cell  lines 
suffer  from  the  same  problems.  Cells  that  differentiate  express  both  HER4  and  HER2,  making  it 
difficult,  if  not  impossible,  to  distinguish  whether  HER4  by  itself  slows  growth  or  causes 
differentiation. 

To  address  this,  we  have  adopted  a  technology  pioneered  by  Nancy  Hynes  (9).  She  has 
taken  a  single  chain  antibody  to  HER2  fused  to  an  endoplasmic  reticulum  (ER)  targeting 
sequence.  The  expression  of  this  intracellular,  single  chain  antibody  results  in  trapping  HER2 
intra-cellularly  before  it  can  be  transported  to  the  plasma  membrane  where  it  could  signal  in  a 
heregulin-dependent  manner.  We  obtained  the  sc  anti  HER2  antibody  from  Dr.  Hynes  in  a 
vector,  which  encodes  resistance  to  the  antibiotic  puromycin.  We  created  two  matched  pairs  of 
cell  lines.  The  first  was  the  SUM  44  cell,  which  expresses  both  HER4  and  HER2.  Transfection 
of  cDNAs  encoding  either  vector  or  vector  plus  containing  scHER2  antibody  into  SUM  44 
followed  by  selection  created  two  populations  of  puromycin  resistant  cell  lines.  Figure  18 
shows  that  the  addition  of  heregulin  to  the  vector  alone  expressing  cells  results  as  expected  in 
heregulin-dependent  HER2  phosphorylation,  as  shown  by  HER2  immunoprecipatation  followed 
by  p-tyr  immunoblotting.  However,  the  addition  of  heregulin  to  the  cell  line  expressing  the 
single  chain  antibody  can  not  stimulate  HER2  tyrosine  phosphorylation  because  HER2  was  not 
at  the  cell  surface  (Fig  18).  We  have  done  immunofluorescence  and  have  shown  that  the  reason 
why  HER2  was  not  activated  was  because  all  the  HER2  was  found  intracellularly,  not  on  the 
cell’s  membrane  (data  not  shown).  Thus,  we  have  successfully  abolished  HER2  signaling  in 
these  cells. 

None  the  less,  addition  of  heregulin  to  cells  without  a  HER2  signal  produces  an  anti¬ 
proliferative  effect  as  does  the  addition  of  HB  EGF  in  SUM44  (Fig  19A).  As  in  all  other 
situations,  HB  EGF  is  less  effective  than  heregulin  in  creating  anti-proliferative  response, 
because  it  does  not  stimulate  HER4  as  well  as  heregulin.  This  shows  that  heregulin-dependent 
anti-proliferations  does  not  involve  HER2  and  that  the  HER4  signal  alone  is  sufficient.  The 
latter  follows  because  HB-EGF,  which  would  not  trigger  HERS  tyrosine  phosphorylation,  also 
slows  cell  growth. 
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An  even  more  complex  set  of  cell  lines  were  created  by  infecting  the  neo-resistant  SUM  102 
HER4  cells  (containing  the  neo-resistant  vector  or  the  vector  encoding  both  neo  and  HER4)  with 
a  second  cDNA  encoding  either  puromycin-resistance  alone,  or  puromycin-resistance  plus  the 
single  chain  HER2  antibody.  This  was  accomplished  by  packaging  retroviruses  with  the 
puromycin  resistance  vectors  and  infecting  cells.  The  cells  were  then  selected  using  both 
selectable  markers  (G418  and  puromycin).  Once  the  cell  lines  were  created,  we  were  able  to 
show  that  heregulin-dependent,  anti-proliferative  response  was  retained  when  HER2  signaling 
was  abolished  (Fig  19B  SUM102-HER4-5R).  The  results  are  conclusive;  a  heregulin-dependent, 
anti-proliferative  effect  is  fully  operable  in  the  absence  of  any  HER2  signaling. 

The  production  of  neutral  lipids  in  SUM44  and  SUM102  cells  and  the  induction  of  E- 
cadherin  in  SUM102  cells,  all  markers  of  differentiation,  are  less  well  induced  in  the  cell  lines 
without  cell  surface  HER2  signaling  (the  SUM44  and  SUM102  5R  bearing  cells).  However,  this 
is  in  part  because  the  basal  level  of  lipids  goes  up  with  the  withdrawal  of  cell  surface  HER2  i.e 
HER2  may  contribute  to  the  undifferential  state.  Thus  we  can  say  reasonably  that  HER4  is 
necessary  and  sufficient  for  an  anti-proliferative  signal,  and  that  HER4  is  at  least  necessary  for 
the  differentiation  signal.  However,  HER4  might  not  be  totally  sufficient  for  all  aspects  of 
differentiation. 

Results  showing  the  HER4  is  necessary  are  confirmed  in  SUM44  cells  in  which  we  have 
transfected  dominant  negative  kinase  dead  HER4  constructs  (see  Fig  13).  This  abrogates  the 
HER4  signal  and  prevents  the  anti-proliferative  response.  This  is  an  area  in  which  we  will 
continue  to  work.  We  will  try  to  tease  apart  a  potential  role  of  hetero-dimerization  between 
HER4  and  HER2  signals  in  the  differentiation  response  as  opposed  to  the  HER4  alone  sending 
an  anti-proliferative  signal.  This  next  year  we  will  use  our  extension  to  perform  microarray 
analysis  of  gene  expression  using  cells  with  a  “pure”  HER4  signal  versus  a  mixed  HER4  HER2 
signal. 

As  a  part  of  these  studies,  we  have  demonstrated  that  heregulin-dependent,  HER4  activation 
in  the  absence  of  HER2  is  perfectly  capable  of  activating  MAP  Kinase  and  AKT.  These 
experiments  are  the  beginning  of  our  analysis  of  pathways  directly  stimulated  by  HER4. 

Additional  studies  are  beginning  to  get  to  the  issue  of  mechanism  that  is  by  definition 
complex.  First,  using  the  kinase  dead  HER4  SUM44  cells,  we’ve  showed  in  Fig  4  of  the 
accompanying  Molecular  and  Cellular  Biology  manuscript  that  expression  of  the  kinase  dead 
HER4  construct  abrogated  the  heregulin-dependent  anti-proliferative  response  in  these  cells. 
When  we  looked  at  the  tyrosine  phosphorylation  of  HER4,  we  showed  that  tyrosine 
phosphorylation  of  HER4  actually  increased  by  four  to  five  fold  in  the  kinase  dead  HER4  cells  as 
the  result  of  the  vast  overexpression  of  the  kinase  dead  HER4  construct.  The  increase  in  tyrosine 
phosphorylation  of  the  kinase  dead  construct  must  be  due  to  heregulin-  and  HER2-dependent  - 
HER4  phosphorylation,  and  yet  the  biologic  activity  is  abrogated.  Taken  in  context  of  the  other 
results,  this  shows  that  the  sites  on  HER4  phosphorylated  by  HER2  (which  are  dramatically 
elevated  in  the  SUM44  kinase  dead  expressing  cells)  must  n^  be  the  ones  that  are  responsible 
for  sending  the  signal  to  block  cell  growth.  This  cell  line  will  give  us  other  options  for 
performing  cDNA  microarray  analysis  to  try  to  determine  which  signals  emanating  from  HER4 
(either  kinase  active  or  kinase  dead)  are  responsible  for  antiproliferative  or  other  HER4  effects. 

Additional  experiments  with  the  5R  cells  have  indicated  that  HER3  phosphorylation,  at  least 
in  this  cellular  context,  is  predominately  a  result  of  HER2  HERS  complexes  and  not  HER4 
HERS  complexes.  If  one  examines  Figure  7  of  the  accompanying  Molecular  and  Cellular 
Biology  manuscript,  one  sees  that  the  expression  of  the  single  chain  antibody  not  only  eliminates 
HER2  signaling  from  the  SUM44  cells  but  also  virtually  eliminates  HERS  -  and  dramatically 
decreases  HER4  signaling.  This  shows  that  HERS  and  HER2  are  not  involved  in  the 
antiproliferative  response.  At  this  juncture  we  cannot  fully  pull  apart  the  antiproliferative  and 
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the  differentiation  response.  The  pBABE  and  5R  cells  are  transfected  with  vectors  that  involve 
resistance  to  puromycin.  These  cells  grown  in  puromycin,  even  without  heregulin,  exhibit  some 
expression  of  Nile  red  oil  droplets  i.e.,  the  response  to  puromycin  (presumably  its  toxic  effect) 
results  in  some  level  of  breast  cell  differentiation.  Therefore,  we  can  say  that  HER4  signal  alone 
is  responsible  for  the  antiproliferative  response,  but  we  are  not  prepared  at  this  time  to  say  that 
HER2  and/or  HER3  do  not  contribute  to  the  differentiation  response. 

G.  Quantitative  PCR  for  HER4  mRNA  levels 

A  long-  term  objective  of  this  project  is  to  understand  the  potential  of  HER4  as  a  marker  of 
breast  cancer  prognosis  and  perhaps  even  response  to  therapy.  Multiple  translational  studies 
have  attempted  to  measure  the  amount  of  HERl  (EGFR)  and  particularly  HER2  expression  in 
breast  cancer.  It  is  widely  accepted  that  the  HER2  gene  amplification  occurring  in  -20%  of 
women  with  breast  cancer  is  both  a  poor  prognostic  sign  and  a  finding  that  has  therapeutic 
import.  The  roles  of  HERl,  HER3,  and  IffiR4  as  individual  entities  are  much  less  well  defined 
and  activated  receptor  signaling  as  a  predictive  function  is  even  harder  to  approach. 

There  are  multiple  articles  describing  the  expression  of  EGF  receptor  and  its  relationship  to 
prognosis  in  breast  cancer  (see  Table  1).  These  data  in  the  aggregate  are  confusing  and  certainly 
not  definitive.  Studies  of  HER3  and  HER4  expression  are  fewer  and  in  general,  have  not  been 
done  on  large  data  sets  (10-12).  Several  of  the  small  clinical  studies  of  HER4  expression  favor 
the  idea  that  HER4  is  a  good  prognostic  sign;(12)  this  would  support  the  central  hypothesis  of 
this  proposal  that  HER4  is  a  differentiation  signal.  This  finding  is  compatible  with  data  from  our 
group  and  others.  Since  EGF  receptor  family  members  heterodimerize  and  the  outcome  of  the 
signals  may  depend  upon  the  partners  heterodimeric  complex  (eg.  HER2/HER3  vs. 

HER2/HER4),  it  is  important  to  analyze  the  expression  of  all  4  family  members  in  breast  cancers 
to  fully  understand  the  family’s  biology  and  prognostic  import.  This  is  a  daunting  task.  The  best 
method  would  be  to  have  antibodies  to  all  four  members  that  are  useful  in  archival,  paraffin- 
embedded  samples.  Good  antibodies  for  all  members  are  not  available.  Thus,  while  there  are 
issues  regarding  the  interpretation  of  the  relationship  between  mRNA  levels  and  protein  levels, 
we  have  chosen  to  use  new  quantitative  PCR  methods  for  accurately  quantitating  family  member 
mRNA  levels  (ABI 7700,  ‘Taq  man”). 

Our  experience  shows  that  the  quantitative  PCR  assay  is  extraordinarily  accurate  and 
reproducible  once  one  has  extracted  and  accurately  measured  RNA.  During  the  last  year,  we 
have  created  PCR  primers  and  specific  ‘Taq  man”  probes  for  the  EGF  receptor,  HER2,  HER3, 
and  HER4.  We  have  cloned  the  4  human  family  member  cDNAs  into  vectors  that  allow  us  to 
transcribe  RNA  from  the  vector  to  make  more  mRNA  populations  that  can  be  used  to  develop 
standard  curves  for  the  Taq  man  assay  (Fig  20).  We  have  developed  accurate,  highly 
reproducible,  standard  curves  for  each  of  the  four  molecular  species.  We  have  miniaturized  the 
assays  so  that  we  can  use  very  small  (ng)  amounts  of  total  RNA  (without  the  need  for  poly  A 
selection)  to  measure  mRNA  content  of  HER  1-4.  Figure  20  shows  representative  standard 
curves.  Figure  21  demonstrates  the  HER4  mRNA  expression  in  a  panel  of  breast  cell  lines  that 
we  have  examined.  One  of  those  lines,  SIJM44,  was  used  for  multiple  experiments. 

SUM44  expressed  reasonable  HER4  levels  without  exhibiting  non-ligand-dependent 
autophosphorylation.  Figure  22  shows  the  levels  of  HERl-4  in  a  panel  of  cell  lines.  It  is 
interesting  to  note  that  all  cells  express  HER3.  HER3  levels  are  always  greater  than  HER4  levels 
in  this  panel  of  cell  lines.  The  y  axis  in  Figures  21  and  22  differs  by  ten-fold  so  that  we  could 
show  the  high  copy  levels  of  HER2  in  some  of  the  cell  lines. 

With  other  funding,  we  have  used  quantitative  PCR  to  assess  EGFR  family  member 
including  EGFR  VIII  i^NA  levels  in  human  breast  cancers.  We  have  extracted  mRNA  from 
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over  ~30  matched  pairs  of  operative  samples  in  which  breast  cancers  and  matched  “normal” 
tissue  adjacent  to  the  tumor  was  obtained.  We  are  also  working  on  extracting  RNA  from  breast 
cancer  core  biopsies,  so  that  we  can  follow  EGF  receptor  family  mRNA  expression  before  and 
after  chemotherapy  in  our  neo-adjuvant  protocols.  The  results  of  HER4  and  EGFR  VIIII 
analysis  in  breast  and  prostate  cancer  are  included  in  this  report  for  completeness  as  an  Appendix 
after  the  Molecular  and  Cellular  Biology  paper.  This  particular  DoD  grant  will  end  before  these 
human  core  biopsy  human  studies  are  begun,  but  the  current  grant  has  funded  the  development  of 
a  technique  for  HER4  (and  other  EGFR  family  member)  mRNA  assessment. 


H.  cDNA  Microarray  of  HER4  signaling 

In  collaboration  we  have  been  developing  cDNA  microarray  capabilities  at  the  UNC 
Lineberger  Comprehensive  Cancer  Center  this  year.  We  have  purchased  equipment,  and 
Research  Genetics  cDNA  clones  that  will  allow  us  eventually  to  print  a  20,000  cDNA 
microarray  slide.  Currently,  we  are  printing  10,000  cDNA  microarray  slides.  These  technical 
capabilities  are  now  in  place,  and  we  have  done  the  first  major  experiment,  which  is  to  analyze 
SUM44  cells  transfected  either  with  vector  (pBABE)  or  5R  (a  single  chain  HER2  antibody). 
Treating  these  two  sets  of  cells  with  heregulin  gives  us  either  a  combined  HER2,  HERS,  FER  4 
signal  (vector  alone)  or  a  pure  HER4  signal  (the  5R  cells).  One  can  examine  the  signaling  in 
these  two  by  looking  at  Figure  7  of  the  Molecular  and  Cellular  Biology  paper.  Large-scale  cell 
culture  has  been  accomplished,  and  RNA  has  been  made  and  poly  A  selected.  Hybridizations 
from  all  samples  have  been  performed  on  the  10,000  cDNA  array  after  labeling  2  RNAs  with 
different  fluorescent  probes.  The  hybridization  has  been  viewed  and  is  of  high  quality  with 
clear-cut  changes  in  gene  expression  changes,  both  positive  and  negative,  between  the  two  cells 
lines  seen  by  eye.  Scanning  and  bioinformatics  analyses  are  now  in  progress.  These  data  should 
give  us  insight  into  the  signaling  systems  that  are  stimulated  by  HER4  alone  versus  those  that  are 
stimulated  by  the  combination  of  HER2,  HERS,  HER4  signaling. 


1.  Investigation  of  EGFR  vIII 

Several  investigators  have  indicated  using  an  antibody  that  a  truncated  rearranged  form  of 
the  EGF  receptor  (referred  to  as  EGFR  vIII),  is  expressed  in  over  50  percent  of  human  breast 
cancers.  This  product  is  clearly  expressed  in  glioma  cells  where  the  EGF  receptor  gene  is 
amplified  and  rearranged.  This  gene  re-arrangement  eliminates  exons  2-7  in  the  extracellular 
domain  and  results  in  an  EGF  receptor  that  no  longer  binds  EGF  but  is  constitutively  active. 

This  would  be  an  extremely  important  finding  in  human  breast  cancer  if  it  were  substantiated  by 
other  technologies.  Therefore,  we  began  to  investigate  the  biochemical  actions  of  EGFR  vIII  in 
breast  cells.  With  respect  to  the  DoD  grant,  we  particularly  wanted  to  determine  whether  this 
constitutively  active  EGF  vIH  receptor  could  phosphorylate  HER4  and  if  it  did  so,  what  would 
the  biologic^  consequences  be.  The  experiments  that  we  performed  are  enclosed  in  a 
manuscript  that  has  been  submitted  for  publication.  The  first  thing  that  we  did  was  to  co-express 
EGFR  vin  with  kinase  inactive  EGF  receptor,  kinase  inactive  HER2,  the  naturally  kinase 
inactive  HERS,  and  kinase  inactive  HER4.  Each  of  these  EGF  receptor  family  cDNA  clones  was 
made  kinase  inactive  by  site-directed  mutagenesis  in  our  laboratory.  Co-expression  showed 
definitively  that  the  overexpressed  EGFR  vIII  had  the  capability  of  tyrosine  phosphorylating 
kinase  inactive  HERl,  2,  S,  and  4.  To  look  at  this  in  the  biologic  context,  we  used  retroviral 
infection  to  create  two  cell  lines,  expressing  EGro  vDI  and  the  appropriate  vector  controls.  The 
first  line  was  SUM44,  which  does  not  express  the  EGF  receptor,  but  does  express  HER  2,  S,  and 
4.  The  second  line  was  the  normal  MCFIOA  cell  that  is  immortalized  but  not  transformed.  In 
the  SIJM44  line  over-expressing  EGFR  vIII  and  the  mutant  EGFR  did  not  phosphorylated 
HER4,  and  there  was  no  effect  on  the  growth  curves,  either  positively  or  negatively.  These 
transformed  cells  grow  in  soft  agar.  EGFR  vIII  expression  in  MCFIOA  cells  also  did  not  result 
in  the  tyrosine  phosphorylation  of  HER4  but  did  result  in  transformation  of  these  cells.  Thus, 
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while  it  is  true  that  EGFR  vIII  can  effect  normal  breast  epithelial  cells  and  even  transform  them 
in  culture,  we  do  not  believe  that  this  is  expressed  in  human  breast  cancers  and,  therefore,  is  not 
a  target  for  therapeutic  advances. 


Key  Research  Accomplishments 

•  Cloning  of  full  length  HER4  cDNA 

•  Cloning  of  a  chimeric  EOF  receptor  (extracellular  and  transmembrane  domains)  HER4 
(cyloplasmic  domain  cDNA) 

•  Site  directed  mutagenesis  of  above  cDNAs  to  abolish  tyrosine  kinase  activity  creating 
kinase  dead,  dominant  negative  constructs 

•  Creation  of  retroviral  vectors  expressing  HER4  and  dominant  negative  HER4  constructs 

•  Creation  of  polyclonal  antisera  against  the  C  terminis  of  human  HER4  and  HER3 

•  Creation  of  a  his-tagged  baculovirus  expressing  HER4  extracellular  domain 

•  Creation  of  32D  myeloid  cell  lines  expressing  the  EOF  receptor  HER4  chimera 

•  Demonstration  that  the  EGFR  HER4  chimera  32D  line  slows  growth  in  response  to 
ligand 

•  Demonstration  of  heregulin-dependent  HER4  tyrosine  phosphorylation  in  some  breast 
cancer  cell  lines 

•  Demonstration  that  heregulin-dependent  breast  cell  line  differentiation  only  occurs  in 
HER4  expressing  cells 

•  Creation  of  matched  pair  of  cell  lines  expressing  vector  or  full  length  HER4  from  a  cell 
line,  SUM  102,  that  did  not  express  HER4 

•  Demonstration  that  HER4  signaling  in  a  cell  line  made  to  express  HER4  causes 
differentiation 

•  Creation  of  a  breast  cell  lines  expressing  an  EGFR:HER4  chimera  and  demonstrating 
EGF-dependent  differentiation 

•  Creation  of  cell  lines  with  dominant  negative  (kinase  dead)  HER4  and  dernonstrating 
that  this  dominant  negative  construct  blocks  heregulin-dependent  differentiation  in  a 
HER4  expressing  line 

•  Demonstrating  that  kinase  dead  HER4  can  be  tyrosine  phosphorylated  in  a  HER2- 
dependent  manner  but  does  this  not  send  an  anti-proliferative  signal. 

•  Creation  of  a  new  flow  cytometry  assay  to  assess  neutral  lipids  in  differentiating  breast 
cell  lines 

•  Demonstrating  that  heregulin-dependent  HER4  activation  upregulates  E-cadherin,  an 
additional  assay  of  HER4-dependent  differentiation 

•  Creation  of  pairs  of  cell  lines  expressing  either  vector  (p  BABE)  or  a  cDNA  expressing 
a  singe  chain  (sc)HER2  antibody  with  an  endoplasmic  reticulum  (ER)  targeting 
sequence 

•  Demonstrating  that  expression  of  scHER2  antibody  with  an  ER  targeting  sequence 
prevents  cell  surface  expression  of  HER2  and  heregulin-dependent  HER2  activation 
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•  Demonstrating  that  in  the  absence  of  HER2  signaling  heregulin  still  has  an 
antiproliferative  effect  in  cells  with  HER4  signaling.  This  demonstration  meets  one  of 
the  two  major  objectives  of  this  grant 

•  Demonstration  of  heregulin-dependent  MARK  and  AKT  activation  in  HER4  expressing 
cells  even  in  the  absence  of  HER2  signaling 

•  Demonstrating  that  heregulin-dependent  HERS  phosphorylation  is  dependent  upon 
HER2  and  not  HER4. 

•  Creation  of  an  ultra  sensitive  quantitative  PCR  assay  for  HER4  mRNA  levels  and  a 
similar  assay  for  EGFR,  HER2  and  HERS  RNA  levels 

•  Use  of  the  quantitative  PCR  to  measure  the  level  of  HERl-4  mRNA  in  a  panel  of  breast 
cancer  cell  lines 

•  Demonstrating  that  only  cells  expressing  HER4  and  not  expressing  autocrine  heregulin 
pathways  exhibit  a  heregulin-dependent  antiproliferative  effect 

•  Initiation  of  studies  of  quantitative  PCR  in  samples  derived  by  laser  capture 
microdissection. 

•  Setting  up  cDNA  microarray  analysis  of  cells  and  studying  mRNA  expression  after 
heregulin-dependent  HER2,  HER3,  and  HER4  tyrosine  phosphorylation  as  compared  to 
isogenic  cells  exhibiting  only  HER4  tyrosine  phosphorylation. 

•  Isolation  and  poly  A  selecting  mRNA  from  SUM44  vector  alone  or  5R  cells  and 
hybridizing  the  generated  cDNA  to  10,000  cDNA  microarrays. 


Outcomes 
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Conclusions 

We  have  demonstrated  that  HER4  signaling  is  both  necessary  and  sufficient  to  deliver  a 
ligand-dependent,  anti-proliferative  signal.  These  conclusions  have  been  reached  with  members 
of  two  different  ligand  families  and  at  least  two  human  breast  cancer  cell  lines.  The  majority  of 
breast  cancer  lines  do  not  express  HER4  and  our  hypothesis  is  that  its  anti-proliferative  effect  is 
selected  against  when  breast  cancer  cells  are  forced  to  grow  out  as  established  lines  in  culture.  In 
fact,  HER4  may  be  lost  in  breast  cancer  progression  for  the  same  reason.  We  have  made 
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multiple  molecular  construct  for  those  studies  and  used  these  to  create  new  cell  lines  that  can  be 
used  to  study  a  “pure”  HER4  signal  in  the  absence  of  HER2,  or  a  combine  HER4,  HER2  signal. 
We  will  use  the  models  created  during  the  next  year’s  extension,  to  perform  more  in  depth 
studies  of  HER4  signaling  in  the  presence  and  absence  of  HER2.  We  have  initiated  microarray 
“gene  chip”  analysis  on  these  cell  lines  to  detect  the  families  of  genes  expressed  in  response  to 
the  anti-proliferative  HER4  signal.  This  approach  will  begin  a  secondary  objective  which,  is  to 
determine  whether  there  are  any  tumor  suppressor  genes  in  HER4  anti-proliferative  signaling 
pathway  that  can  be  used  along  with  HER4  expression  as  prognostic  variables  in  predicting  the 
outcome  of  breast  cancer  and  its  therapy.  Analysis  of  the  RNA  isolated  from  isogenic  cells  with 
HER2,  HER3,  and  HER4  signaling  versus  those  only  signaling  via  HER4  will  help  launch  a  new 
set  of  investigations  in  HER4  signaling. 

In  addition,  we  have  set  up  a  quantitative  PCR  assay  for  HER4  so  that  we  can  accurately 
assess  the  level  of  mRNA  expression  for  HER4  (as  well  as  the  EGF  receptor,  HER2  and  HER3). 
Multiple  laboratories  have  shown  combinatorial  interaction  between  these  receptors  and  their 
ligand  families.  A  full  understanding  of  breast  cancer  prognosis  and  biology  will  only  be 
obtained  when  we  know  the  expression  and,  in  fact,  the  level  of  activation  of  the  multiple  family 
members.  Our  quantitative  PCR  assay  is  being  miniaturized,  and  we  hope  to  be  able  to  use  laser 
capture  microdissected  material  during  the  next  year  to  assess  accurately  EGFR  and  HER2,  3 
and  4  expression  in  breast  cancer  samples  versus  adjacent  normal  breast  epithelium. 

In  summary,  we  have  met  one  major  objective  by  determining  that  HER4  is  indeed  an  anti¬ 
proliferative  and  differentiation  signaling  receptor.  We  have  created  the  molecular  and  cellular 
reagents  to  allow  us  to  dissect  a  pathway  of  anti-proliferation  and  potentially  detect  tumor 
suppressor  genes.  Lastly,  we  have  created  a  quantitative  PCR  assay  using  breast  cell  lines.  In 
the  future,  this  assay  will  allow  us  to  screen  breast  cancers  in  clinical  translational  studies  to 
determine  whether  our  overall  hypothesis  regarding  the  biology  of  the  HER4  receptor  is  reflected 
in  the  prognosis  of  breast  cancers  expressing  HER4. 


s:/earp-hse/DoDfmal073001  .doc 
7/30/01 
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Epidermal  Growth  Factor  Receptor  (HERl)  Levels  in 
Breast  Carcinomas  and  Related  Outcomes  Analysis 
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LB  =  ligand  binding.  IH  =  immunohistochemistry.  Univ=  univariate.  RFS  =  Recurrence  Free  Survival. 
OS  =  Overal  Survival. 


HER4 


Ligand  Binding 


Transmembrane  Tyrosine  Kinase 


EGFR 


EGFR:HER4 


HER4  and  EGFR:HER4  kinase  dead 


HER4  kinase  dead 


A *74 4 ATP  binding  site 


cc  t  g  tggctat  t  gt  GCGat  t  c  ttaat  gagac 


-^ggacaccgat  aacaCGCt  aagaatt  actctg 


EGFR:HER4  kinase^dead 


Figure  1.  Expression  vectors  for  use  in  HER4  experiments.  We  isolated  the  HER4 
extracellular  domain  and  constructed  a  full  length  HER4  cDNA.  In  addition,  we  created  two 
kinase  dead  mutants  by  site-directed  mutagenesis. 
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HER4 


Pmin  CMV 


Pmin  CMV 


HER4  dominant  negative 


Pmin  CMV 


HER4  kinase  dead 


Pmin  CMV 


EGFR:HER4 


Pmin  CMV 


EGFR:HER4  kinase  dead 


Figure  2.  Inducible  promoter  for  H£R4  constructs.  Each  of  the  important  HER4  cDNA' 
placed  in  the  "Tet  off  vector  which  would  allow  the  creation  of  stable  transfected  lines  with 
tightly-controlled  HER4  construct  expression. 
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vector  control 


Figure  3.  Fac  Scan  analysis 
shows  that  we  have  created  two 
32D  cell  clones  with 
constitutively  high  (EHC2)  and 
low  (EHCll)  levels  of 
expression.  32D  cells  were 
washed  and  incubated  with  anti- 
EGFR  antibody,  followed  by  an 
incubation  with  anti-rabbit  FITC 
conjugated  secondary  antibody. 
The  cells  were  washed  once 
more  and  analysed  by  flow 
cytometry  for  FITC  staining. 


EGFR:HER4 
clone  11 


EGFR:HER4 
clone  2 


EGF  -  +  -  +  -  + 


.1 


Figure  4.  The  high  (EHC2)  and  low  (EHCll)  expressing  clones  exhibit  different  levels 
of  ligand-independent  (-EGF)  and  ligand-dependent(-i'EGF)  tyrosine 
phosphorylation.  32D  cells  were  remo\ed  from  IL3  containing  medium  for  3  hours.  The 
cells  were  then  stimulated  with  0. 1  |i.g/ml  EGF  for  90  seconds,  washed,  lysed  and 
immunoprecipitated  with  anti-EGFR  antibody.  The  immunopreciphate  was  then  run  on  a  8% 
SDS-PAGE  and  immunoblotted  with  anti-phosphotyrosine  antibody.  Clone  2  expresses  the 
EGFR:HER4  chimera  at  5-10  times  the  level  of  clone  1 1.  The  chimera  is  constitutively  activated 
but  can  be  further  stimulated  by  EGF.  Whereas  clone  1 1  expresses  the  chimwa  to  a  lower  level 
and  is  active  only  with  the  addition  of  EGF. 
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EHCll  IL3 


EHCll  EGF+IL3 


EHC2  0 
EHC2  EGF 
EHC2  IL3 
EHC2  IL3+EGF 
EHC11  0 
EHC11  EGF 
EHC11  IL3 

r 

EHCll  IL3+EGF 


Figure  5.  Growth  curves  of  EHC  expressing  32D  clones.  High  expressing  EHC2  clone 
shows  a  different  growth  pattern  compared  to  low  expressing  EHCl  1  clone.  EHCl  1  cells 
grow  exponentially  with  the  addition  of  IL3,  and  slightly  slower  with  both  IL3  and  EGF. 
With  no  addition  or  addition  of  EGF  alone  the  EHCl  1  cells  die  quickly;  all  are  dead  within 
two  days.  Thus  the  level  of  HER4  chimera  expression  in  EHCl  1  is  insufficient  for 
biological  signalling.  In  contrast,  EHC2  which  expresses  EHC  at  high  levels  and  exhibits 
an  autoactivated  HER4  kinase,  grows  slowly  in  the  presence  of  IL3,  and  even  slower  with 
the  addition  of  both  IL3  and  EGF.  However,  addition  of  EGF  prevents  cell  death,  and 

EHC2  cells  remain  viable  many  days  after  EHCl  1  cells  have  died. 


Figure  6.  A  GST-HER4  fusion  protein  was  used  to  raise  anti-HER4  antibody.  32D  cells 
were  removed  from  IL3  containing  medium  for  3  hours.  The  cells  were  then  stimulated  with  0. 1 
|ig/ml  EGF  for  90  seconds,  washed,  lysed  and  immunoprecipitated  with  anti-HER4  antibody.  The 
immunoprecipitate  was  then  run  on  a  8%  SDS-PAGE  and  immunoblotted  with  anti- 
phosphotyrosine  antibody.  In  addition,  when  the  blot  is  overexposed  a  faint  band  is  seen  with 
clone  1 1 .  Thus  we  have  a  specific  anti-HER4  antibody. 
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Polh  promoter 


thrombin  cleavage  site 

1 


SV40  polyadenylation 
signal 


HER4  extracellular  domain 


hH  H  H  H  H  H- 

his  tag 


pFastBac  HTb,  Life  Technologies 


Figure  7.  Creation  of  an  extracellular  domain  HER4  baculovirus.  HER4  extracellular  domain  w  as 
cloned  into  pFastBac  baculovirus  expression  plasmid.  Purification  with  Ni'*^  columns  that  bind  to  the 
6-His  tag  will  provide  immunogen  for  monoclonal  antibody  formation. 
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cells  per  well  in  6-well  plates  and  grown  in  the  presence  or  absence  of  10  ng/ml  heregulin  B1  for  3  media  changes  (7  days), 
and  the  number  of  cells  counted.  The  ratio  of  number  of  cells  grown  in  the  presence  vs.  in  the  absence  of  heregulin  is  shown. 
Error  bars  represent  standard  deviation  of  at  least  3  experiments.  SUM44  cells  demonstrated  the  most  pronounced  effect  of 
heregulin,  an  antiproliferative  effect. 


SUn44  Bioassay 
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of  cells  counted.  The  ratio  of  number  of  cells  grown  in  the  presence  vs.  in  the  absence  of  ligand  is  shown.  Error  bars  represent 
standard  deviation  of  at  least  3  experiments.  Like  heregulin,  HB-EGF  caused  an  anti-proliferative  effect,  although  not  to  as  great  a 
degree. 
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by  hereguiin.  HB-EGF  induced  tyrosine  phosphorylation  of  only  HER4  in  SUM44  cells. 
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of  the  curve  toward  higher  intensity  staining  in  the  heregulin-treated  cells. 
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represent  standard  deviation  of  at  least  3  experiments.  Control  cells  demonstrated  growth  inhibition  in  response  to  heregulin, 
but  this  response  was  abrogated  in  cells  expressing  kinase  dead  HER4. 
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G418  resistance.  HER4  expression  was  confirmed  by  western  blot  using  HER4  anti-serum.  Vector  expression  was  confirmed 
in  control  cells  by  RT-PCR  of  neomycin-resistant  cells  (data  not  shown).  Tyrosine  phosphorylation  of  HER4  in  response  to 
heregulin  stimulation  was  measured  by  inununoprecipitation  with  anti-HER4  and  western  blot  with  anti-phosphotyrosine.  In 
SUM102-HER4  lines,  HER4  is  not  constitutively  activated,  but  activated  in  response  to  ligand  stimulation. 


sun  102  lines  bioassay 
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absence  of  10  ng/ml  heregulin  B1  for  3  media  changes  (7  days),  and  the  number  of  cells  counted.  The  ratio  of  number  of  cells 
grown  in  the  presence  vs.  in  the  absence  of  ligand  is  shown.  Error  bars  represent  standard  deviation  of  at  least  3  experiments. 
SI  \1 102  I IIR-I  cells  are  urowilr  inliihited  with  heregulin,  comparable  to  SUIV144  cells,  while  wild-type  and  vector  control 
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comparable  to  SUM44  cells,  while  HER4  negative  control  cells  do  not. 


A.SUM102-pLXSN  SUM102-HER4  B.  densitometry 
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performed  with  anti-E  Cadherin  antibody.  (B)  Densitometry  was  performed,  and  standard  deviation  of  at  least  3  experiments 
is  shown  by  the  error  bars.  SUM102-HER4  but  not  SUMI02-pLXSN  demonstrated  increased  expression  of  E  Cadherin  in 
response  to  heregulin. 
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by  immunoprecipitation  with  anti-HER2  and  western  blot  with  anti-phosphotyrosine.  Cells  containing  the  5R  construct  did  not 
have  surface  HER2  and  did  not  demonstrate  HER2  tyrosine  phosphorylation,  as  opposed  to  cells  containing  vector  control 
(shown  for  SUM44  cells).  This  demonstrates  that  5R  effectively  abrogates  HER2  signaling  in  these  cells. 
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dependent  anti-proliferative  effect. 


Amplification  -  01  /I0/2000-I1er4-  columns  7-12 
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Figure  20.  Amplification  plot  of  HER4  sRNA  and  standard  curve  showing  HER4  values  in  various  breast  cancer  cell 
lines.  (A)  ABI  7700  analysis  of  in  vitro  transcribed  HER4  mRNA.  (B)  Standard  curve  and  unknowns  of  HER4  mRNA 
expression  from  cell  lines.  Black  dots  are  standards  and  red  dots  are  values  from  various  breast  cancer  cell  lines. 
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Figure  22.  HERl-4  copies  in  breast  cancer  ceU  lines.  Total  RNA  was  extracted  from  cell  lines  using  guanidinium  isothiocyanate, 
treated  with  Dnase,  and  the  concentration  determined  using  Ribogreen  fluorescence.  Expression  of  HERl-4  was  determined  by  real 
time  fluorescence  quantitative  PCR  using  HERl-4  synthetic  RNA  as  positive  controls  and  absolute  standards.  Copies  of  HERl-4  per 
10  ng  of  total  RNA  as  determined  by  standard  curves  are  shown. 
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The  function  of  the  epiderm^  growth  factor  receptor  (EGFR)  family  member  H£R4  remains  unclear 
because  its  activating  ligand,  heregulin,  results  in  either  proliferation  or  differentiation.  This  variable  response 
may  stem  from  the  range  of  signals  generated  by  HER4  homodimers  versus  heterodimeric  complexes  with 
other  EGFR  family  members.  The  ratio  of  homo*  and  heterodimeric  complexes  may  be  influenced  both  by  a 
cell’s  EGFR  Camily  member  expression  profile  and  by  the  ligand  or  even  ligand  isoform  used.  To  define  the  role 
of  HER4  in  mediating  antiproliferative  and  differentiation  responses,  human  breast  cancer  cell  lines  were 
screened  for  responses  to  heregulin.  Only  cells  that  expressed  HER4  exhibited  heregulin-dependent  anti< 
proliferative  responses.  In-deptii  studies  of  one  line,  SUM44,  demonstrated  that  the  antiproliferative  and 
differentiation  responses  corr^ted  with  HER4  activation  and  were  abolished  1^  stable  expression  of  a 
kinase-inactive  HER4.  HB>EGF,  a  HER4-specific  ligand  in  this  EGFR-negative  cell  line,  also  induced  an 
antiproliferative  response.  Moreover,  introduction  and  stable  expression  of  HER4  in  HER4-negative  SUM  102 
cells  resulted  in  the  acquisition  of  a  heregulin-dependent  antiproliferative  response,  associated  with  increases 
In  markers  of  differentiation.  The  role  of  HER2  in  these  heregulin-dependent  responses  was  examined  through 
elimination  of  cell  surface  HER2  signaling  by  stable  expression  of  a  single-chain  anti-HER2  antibody  that 
sequestered  HER2  in  the  endoplasmic  reticulum.  In  the  cell  lines  with  either  endogenously  (SUM44)  or 
exogenously  (SUM102)  expressed  HER4,  elimination  of  HER2  did  not  alter  HER4-dependent  decreases  in  cell 
growth.  These  results  suggest  that  HER4  is  both  necessaiy  and  suficient  to  trigger  an  antiproliferative  response 
in  human  breast  cancer  cells. 


The  epidermal  growth  factor  receptor  (EGFR)  family  has 
been  implicated  in  breast  cancer  pathogenesis  and  progression 
(reviewed  in  references  13  and  39).  Aberrant  expression  of  at 
least  two  of  the  famih’  members,  EGFR  and  HER2,  has  been 
associated  with  poor  prognosis  and  differential  response  to 
therapy  (21,  28,  31,  44).  Recently,  treatment  targeted  against 
HER2  has  demonstrated  clinical  efficacy,  emphasizing  the  im¬ 
portance  of  members  of  this  receptor  family  in  breast  cancer 
prognosis  and  therapv'  (10), 

Tlie  EGFR  family  consists  of  four  known  members:  EGFR 
(HERl,  erbB-1),  HER2  (erbB-2).  HER3  {erbB-3),  and  HER4 
(erbB-4)  (reviewed  in  references  13,  34,  and  39).  The  four 
receptors  form  homodimers  or  heterodimers  upon  aahation 
by  two  sets  of  ligands,  the  EGF  aiKl  heregulin'neuregulin  fam¬ 
ilies.  There  are  several  possible  heiero-  and  homodimeric  re¬ 
ceptor  combinations,  which  theoretically  result  in  differential 
activation  of  multiple  downstream  signal  transduction  path¬ 
ways.  Additional  heterogeneity  results  from  varying  pheno¬ 
typic  responses,  depending  on  cell  type  and  the  duration  or 
intensity  of  downstream  signaling,  determined  in  pan  by  dif¬ 
ferences  in  ligand  affinity,  recycling,  and  intracellular  environ- 
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ment,  as  well  as  other  faaors  that  govern  the  turawer  of 
receptor  family  members  (53).  Because  of  this  complexity,  our 
understanding  of  EGFR  family  member  biology  is  stiU  rela¬ 
tively  rudimentary,  despite  the  clinical  utility  of  biologk  mod¬ 
ifiers  of  EGFR  and  HERl 

The  EGFR  family  members  share  structural  and  sequence 
similarity;  there  are,  however,  critical  differences.  HER2  has 
no  known  directly  binding  ligand  but  is  the  favored  het¬ 
erodimerization  partner  of  each  ligand-bound  family  member 
(50).  HER3  has  no  significant  kinase  activity,  unlike  the  other 
family  members,  but  contains  multiple  phosphatidyfinositol 
3-kinase  binding  motifs  that  are  phosphorylaied  by  a  het¬ 
erodimeric  kinase-active  partner  (20,  45).  HER4  is  more  sim¬ 
ilar  to  EGFR  and  HER2  than  to  HER3,  but  it  does  ccxntain  a 
canonical  phosphatidylinositol  3-kinase  binding  motif  (14). 
Unlike  EGFR  and  HERl  which  have  been  associated  with 
more  aggressive  clinical  breast  cancers,  in  several  case  series 
HER4  expression  was  correlated  with  low  proliferative  index 
and  estrogen  receptor  expression,  suggesting  that  HER4  may 
have  a  different  impact  on  breast  biology  and  cancer. 

Heregulin,  or  Neu  differentiating  factor,  is  a  member  of  a 
complex  ligand  family  that  was  initially  thought  to  be  the  long- 
sought  HER2  ligand  but  was  ultimately  shown  to  a^ctivate 
HER2  through  heterodimerization  after  binding  to  FEER3  or 
HER4  (2,  7,  23,  33,  36,  54).  Heregulin  was  also  identified  as  a 
factor  that  caused  differentiation  in  MDA-MB-453  human 
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breast  cancer  cells  (11).  but  its  biologic  effect,  proliferation  or 
differentiation,  differed  depending  upon  the  cell  lines  used 
during  its  purification,  hence  the  tv^o  names  (heregulin  and 
Neu  differentiating  factor).  Subsequent  work  by  many  groups 
has  shown  that  heregulin  is  expressed  as  multiple  isoforms 
(reviewed  in  reference  34).  Heregulin  a,  p  1.  p  2,  and  p  3  were 
cloned,  and  heregulin  pi  was  shown  to  cause  tyrosine  phos¬ 
phorylation  of  pl85  HER2  (23).  Heregulin  p3  is  a  soluble  form 
of  heregulin,  while  other  isoforms  are  at  least  initially  mem¬ 
brane  bound  (54).  A  second  genetic  locus  encodes  neuregu- 
lin-2,  which  also  causes  MDA-MB453  morphologic  change 
but  with  less  potency  and  less  HER2  phosphorylation  (7, 8).  In 
general,  heregulin  isoforms  have  variable  potency  and  receptor 
specificity.  Heregulin  a  and  P  have  different  effects  on  mouse 
mammary  development  (26).  Neuregulin  2  binds  to  HER3  and 
HER4,  but  there  is  a  newly  discovered  third  gene  whose  prod¬ 
uct,  neuregulin  3,  thus  far  has  been  found  to  bind  to  HER4 
alone  (56).  Recently,  neuregulin  4  has  been  identified  (22). 

The  cell-type-specific  effects  of  heregulin-induced  prolifera¬ 
tion  or  differentiation  may  be  related  to  the  expression,  acti¬ 
vation,  and  level  of  HER2,  HER3,  or  HER4.  Because  heregu¬ 
lin  causes  HER2  tyrosine  phosphorylation  indirectly  through 
its  binding  to  HER3  and  HER4,  the  ligand  could  mediate  its 
differentiative  or  proliferatwe  signal  singly  through  HER4  or 
through  complexes  containing  combinations  of  HER2,  HER3, 
and  HER4  (33).  With  this  complexity  of  potency,  receptor 
specificity,  tissue  distribution,  and  soluble  or  membrane-bound 
isoforms,  it  is  not  surprising  that  different  experimental  results 
have  been  obtained  using  different  cells  or  isoforms.  The  p2 
isoform  of  heregulin  caused  differentiation  in  MDA453  cells 
(1).  However,  the  P3  isoform  proved  to  be  mitogenic  in  the 
same  cell  line  (5).  Others  have  demonstrated  a  differentiation 
response  using  the  pi  isoform  (9, 35).  In  addition,  the  response 
has  been  shown  to  be  concentration  dependent.  In  AU565  and 
MDA-MB-453  cells  a  low  concentration  of  heregulin  is  mito¬ 
genic,  whereas  a  higher  concentration  leads  to  differentiation 
and  inhibition  of  cell  growth  (2).  There  are  also  differences  in 
response  to  heregulin  depending  on  the  receptor  density.  In  a 
panel  of  human  breast  cancer  cell  lines,  level  of  expression  of 
HER2  correlated  with  response  to  heregulin;  cells  expressing 
low  levels  of  HER2  had  mitogenic  responses  to  heregulin, 
while  cells  expressing  high  levels  of  HER2  had  differentiation 
responses  (12,  17,  42).  Response  also  depends  on  the  cell  line 
used  and  the  amount  of  serum  in  the  medium,  as  expected  due 
to  heterogenous  expression  of  receptors  and  ligand  (27). 

HER4  can  also  be  activated  by  another  complex  family  of 
ligands— the  EOF  family.  Like  the  heregulins,  there  is  consid¬ 
erable  variability  in  receptor  activation  and  potency.  Heparin¬ 
binding  EGF  (HB-EGF)  binds  to  EGFR  and  HER4  (15)  and 
induces  HER4  phosphorylation  in  MDA-MB-453  cells.  Beta- 
cellulin  also  binds  EGFR  and  HER4  but  not  other  EGFR 
family  members  (5,  37).  Epiregulin  activates  all  four  EGFR 
family  members  and,  in  MDA-MB-453  cells  (which  lack  ap¬ 
preciable  EGFR),  causes  a  differentiated  phenotype  (25.  38, 
43).  Affinity  labeling  and  competition  experiments  demon¬ 
strate  that  epiregulin  binds  cooperatively  to  HER2-HER4.  but 
not  to  HER3-HER4.  heterodimers  and  directly  binds  EGFR 
and  HER4. 

Because  HER4  appears  to  be  associated  with  better  prog¬ 
nostic  features  and  can  be  activated  bv  differentiation-inducing 


ligands,  we  attempted  to  clarify  the  role  of  HER4  by  asking 
whether  HER4  alone  was  necessary  and  sufficient  to  transmit 
an  antiproliferative  signal.  We  determined  that  HER4  activa¬ 
tion  by  a  member  of  the  heregulin  or  the  EGF  family  could 
transmit  an  antiproliferative  response,  and  that  expression  of 
HER4  in  a  HER4-negative  cell  line  was  sufficient  to  confer  an 
antiproliferative  response.  Perhaps  most  intriguingly,  elimina¬ 
tion  of  HER2  signaling  did  not  abolish  HER4-dependent  an¬ 
tiproliferative  responses  in  at  least  two  distinct  cell  lines. 

MATERIALS  AND  MFTHODS 

Cell  lines,  tissue  culture,  and  antibodies.  SUM44  and  SUM  102  cells  were 
growTi  in  serum-free  growth  factor-defined  media  as  previous!)'  described  (16, 
41).  SUM  102  cells  were  derived  from  a  microinvasKe  primal)  breast  tumor, 
whereas  SUM44  cells  were  derived  from  a  metastatic  pleural  effusion.  MDA- 
NfB-453  cells  were  obtained  from  the  American  Tvpe  Culture  Collection  and 
were  grown  in  Dulbecco  modified  Eagle  medium  supplemented  with  10^  fetal 
bovine  serum.  All  cells  were  grown  in  a  humidified  incubator  at  37®C  with  10% 
CO^  and  subcultured  weekly,  and  the  medium  was  changed  three  times  per  week. 
All  tissue  medium  reagents  were  obtained  from  Sigma,  except  for  fetal  bovine 
serum  and  insulin,  which  were  obtained  from  Gibco  BRL. 

Proliferatioa  assays.  Cells  were  plated  into  six-well  plates  at  a  density  of  5  x 
to  5  X  10^  cells  per  well  and  grown  in  the  appropriate  medium  with  or 
without  recombinant  heregulin  (gift  from  Amgen)  or  HB-EGF  (R&D)  for  6 
to  7  days,  or  three  medium  changes.  Cells  were  tnpsinized  and  counted  with  a 
hemocytometcr, 

QuantiUtive  PCR-  Total  RNA  was  isolated  using  the  guanidinium  isothiocya¬ 
nate-based  RNeasy  kit  (Oiagen)  and  was  treated  with  RNAse-free  DNAse  (Am- 
bion)  to  prevent  nonspecific  priming  of  the  PCRs.  HER4-specific  5'-3'  oligonu¬ 
cleotides  and  an  intervening  fluorescent  dye-labeled  probe  were  designed  using 
Primer  Express  software  (ABI/Perkin  Elmer).  The  nonextendable  HER4  probe 
was  synthesized  and  labeled  with  5'  FAM  (6-carbo.x\fluorescein)  reporter  and  3' 
T\MRA  (6earboxy-ietramethy!-rhodamine)  quencher  dyes  (Integrated  DNA 
Technologies),  followed  by  high-pressure  liquid  chromatography  purification. 
Real-time  fluorescence  quantitative  PCR  was  performed  with  the  ABI  PRISM 
7700  (PE  Bio).  Full-length  HER4  mRNA  was  in  vitro  transcribed  using  ME- 
G.Ascript  (.Ambion)  and  used  as  a  positive  control  and  absolute  quantitation 
standard  for  the  assav’s.  Similarly  transcribed  constructs  for  HERl,  HER2,  and 
HER3  were  used  as  negative  controls.  Amplifications  of  twofold  serial  dilutions 
of  full-length  HER4  RNA  were  used  to  construct  standard  linear  curves  that 
permit  us  to  routinely  and  accurately  measure  from  200  copies  to  90  million 
template  copies  of  HER4  mRNA.  Ten  nanograms  of  total  RNA  isolated  from 
the  cell  lines  was  assayed  in  triplicate  for  HER4  expression  levels. 

Immu noprecipitation  and  immunoblot  analysis.  Cells  were  washed  with  cold 
phosphate -buffered  saline  and  lysed  in  lysis  buffer  containing  20  mM  HEPES 
(pH  7.3),  50  mM  sodium  fluoride,  10%  glycerol,  1%  Triton  X-100. 5  mM  EDTA, 
and  0.5  M  NaO  supplemented  with  the  tyrosine  phosphatase  inhibitor  sodium 
onhovanadaie  (1  mM)  and  the  protease  inhibitors  aprotinin(6  pg/m!)  and  leu- 
peptin(10  tig  ml).  Nuclei  and  insoluble  material  were  removed  by  centrifugation 
at  13,000  X  g  for  10  min  at  4®C.  Receptor  proteins  were  precipitated  with  various 
antibodies  [HER2.  clone  9G6.10.  mouse  monoclonal  antibody  (Neomarkers, 
Inc.);  HER3.  (c-i7)G.  goat  polyclonal  antibody  (Santa  Cruz):  HER4,  polyclonal 
rabbit  antisera  raised  against  recombinant  gluthathione  5-transferase  fusion  pro¬ 
tein  containing  the  C-terminal  80  amino  acids  of  HER4J  and  protein  A/G  or 
protein  A  agarose  beads  (Santa  Cruz)  for  3  h  at  4°C.  Immune  complexes  were 
washed  three  times  with  lysis  buffer  and  denatured  in  sodium  dodecyl  sulfate 
sample  buffer.  Protein  samples  were  separated  on  a  sodium  dodecyl  sulfate-8% 
polyacrylamide  gel  electrophoresis  gel  and  were  electrophoretically  transferred 
to  a  Sequi-blot  poKxinylidene  difluoride  membrane  (Bio- Rad).  After  blocking 
with  3%  cold  fish  gelatin  (Sigma),  the  membrane  was  probed  overnight  at  4“C 
with  antiphosphotvTosinc  antibody  (RC20;  Transduction  Laboratories),  washed 
three  times  with  Tris-buffered  saline-Tween.  and  detected  with  an  enhanced 
chemiluminescence  detection  kit  (Amersham  Life  Sciences). 

Neutral  lipid  detection.  Cells  were  grown  on  glass  coverslips  in  appropriate 
media  with  or  without  heregulin  or  HB-EGF  for  1  week  and  then  fixed  with  10% 
neutral  buffered  formalin  for  10  min.  After  a  60%  isopropyl  alcohol  rinse,  they 
were  stained  with  Sudan  IV  solution  (10  g  of  Sudan  IV\  500  ml  of  acetone,  500 
ml  of  70%  ethyl  alcohol)  for  4  min.  followed  by  60%  isopropyl  alcohol  and 
distilled  water  rinses.  Cells  were  then  stained  with  Gill’s  hematoxylin  (Fisher 
Scientific)  for  1  min,  rinsed  in  distilled  water,  and  then  stained  with  lithium 
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FIG.  1.  (A)  Proliferative  response  of  human  breast  cancer  cell  lines  to  heregulin.  Cells  were  plated  at  a  density  of  5  x  10^  to  5  x  10^  cells  per 
well,  depending  on  plating  efficiency  and  growth  rate,  in  sLx-well  plates  and  grown  in  the  presence  or  absence  of  10  ng  of  heregulin  pi  per  ml  for  ^ 

three  medium  changes  (7  days;  approximately  three  doublings),  and  the  number  of  cells  was  counted.  The  ratio  of  number  of  cells  grown  in  the 
presence  versus  the  absence  of  heregulin  is  shown,  with  the  number  of  cells  (average  of  three  experiments)  listed  at  the  top  of  each  column.  Error 
bars  represent  standard  deviations  of  at  least  three  experiments.  SUM  185  (P  =  0.03),  SUM225  {P  =  0.03),  and  SUM44  {P  =  0.0009)  cells 
demonstrated  a  statistically  significant  (by  Student’s  t  test)  heregulin-dependent  antiproliferative  effect,  with  the  effect  in  SUM44  cells  being  most 
pronounced.  (B)  HER4  mRNA  levels  as  determined  by  quantitative  PCR.  Total  RNA  was  extracted  and  reverse  transcribed,  and  quantitative  PCR 
was  performed  with  the  ABI  PRISM  7700  using  HER4-specific  fluorescence-labeled  oligonucleotide  probes,  as  described  in  Materials  and  Methods. 

(C)  HERl,  -2,  and  -3  mRNA  levels  as  determined  by  quantitative  PCR.  Quantitative  PCR  was  performed  using  HER1-,  HER2-,  and  HER3- 
specific  probes  as  described  above.  The  abundance  of  message  of  the  other  EGFR  family  members  is  usually  much  higher  than  that  of  HER4. 
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FIG.  2.  Receptor  tyrosine  phosphorylation  in  response  to  heregulin 
stimulation.  Cells  were  treated  with  10  ng  of  heregulin  (31  or  100  ng  of 
HB-EGF  per  ml  for  30  min  or  left  untreated.  Cell  lysates  were  immu- 
noprecipitated  (IP)  with  antibodies  to  HER2,  HER3,  or  HER4  and 
immunoblotted  with  antiphosphotyrosine  (anti*PY)  antibody  RC20. 
(A)  Heregulin  induced  t>Tosine  phosphorylation  of  HER2  in  MDA- 
MB-453  cells,  but  these  cells  demonstrated  constitutively  phosphory- 
lated  HER4,  which  was  not  further  induced  by  heregulin.  (B)  Heregu¬ 
lin  induced  tyrosine  phosphorylation  of  HER2,  HER3,  and  HER4  but 
HB-EGF  induced  tyrosine  phosphorylation  of  only  HER4  in  SUM44 
cells.  (C)  Antiproliferative  response  to  HB-EGF.  SUM44  cells  were 
plated  at  a  density  of  5  x  10^  cells  per  well  in  six-well  plates  and  grown 
in  the  presence  or  absence  of  10  ng  of  heregulin  B1  or  100  ng  of 
HB-EGF  per  ml  for  three  medium  changes  (7  days),  and  the  number 
of  cells  was  counted.  The  ratio  of  number  of  cells  grown  in  the  pres¬ 
ence  versus  the  absence  of  ligand  is  shown.  Error  bars  represent 
standard  deviations  of  at  least  three  experiments.  Like  heregulin,  HB- 
EGF  caused  a  significant  antiproliferative  effect,  although  the  effect  of 
HB-EGF  was  not  as  great  as  that  of  heregulin. 


carbonate  (47  g  of  lithium  carbonate.  3,500  ml  of  distilled  water)  till  blue  (about 
30  s).  After  thorough  rinsing  in  distilled  water,  slides  were  mounted  in  Aqua- 
mount  for  direa  microscopic  visualization  of  red-staining  lipid  droplets.  Alter¬ 
natively,  staining  of  neutral  lipid  droplets  in  the  cellular  cytoplasm  was  done  as 
described  previously  (40).  In  brief,  the  cells  suspended  in  phosphate-buffered 
saline  (10*  cells^m!)  were  incubated  for  5  min  with  Nile  red  (final  concentration, 
100  ng/ml)  at  room  temperature.  The  yellow  fluorescence  of  Nile  red-stained 
neutral  lipids  droplets  was  analyzed  with  a  F.ACScan  (Becton  Dickinson)  using 
linear  amplifiers. 

cDNA  constructs  and  clones.  Full-length  human  HER4  cDNA  was  created 
from  three  PCR  fragments  amplified  from  MDA-MB-453  cells.  The  fragments 
were  recombined  into  the  pLXSN  retroviral  vector  (29).  and  the  resulting  full- 
length  cDNA  was  sequenced  in  its  entirety.  The  kinase-dead  HER4  construct 
was  created  by  site-directed  mutagenesis,  changing  lysine  to  alanine  in  the  751 
position  and  abolishing  the  ability  to  bind  .ATP.  The  construct  w^as  entirely 
sequenced  and  cloned  into  pLXSN.  The  5R  construct  is  a  HER2  single-chain 


antibody  with  an  endoplasmic  reticulum  {ER)-targeting  sequence  cloned  into  the 
pBABEpuro  vector  (19). 

Creation  of  ceil  lines  stably  expcessing  introduced  constructs.  For  production 
of  retrovirus  using  the  abov  e  cDN.As  in  pLXSN,  the  amphoiropic  packaging  ceil 
line  PA317  was  plated  at  5  X  cells  per  60-mm  dish  and  then  transfected  with 
20  pLg  of  retroviral  DN.A  using  2  M  CaCK  precipitation  as  previously  described 
(32).  Viral  supernatants  were  collected  after  60  h  of  incubation,  the  last  48  h  at 
ITC  with  addition  of  sodium  butvTate  as  described  previously  (30).  Viral  super¬ 
natants  were  filtered  through  a  0.45-p.m-pore-size  syringe  filler,  and  1  ml  of  viral 
supernatant  was  added  with  8  p.g  of  Polybrene  per  ml  to  recipient  cells  which  had 
been  plated  at  7  x  cells  per  lOCVmm  dish  the  day  before.  After  48  h  of 
incubation,  cells  were  placed  in  medium  containing  G41S  (0.3  mg/ml  for 
SUM  102  and  0.5  mg,'ml  for  SUM44).  G418-resistant,  puromyein-resistant,  or 
G418-  and  puromycin-resistant  cells  were  pooled,  and  expression  of  the  cDNA 
product  was  confirmed  by  Western  blotting  or  reverse  transcription -PCR  (RT- 
PCR). 


RESULTS 

Proliferative  response  of  human  breast  cancer  cell  lines  to 
heregulin.  Heregulin  has  been  shown  to  cause  alternatively  a 
mitogenic  or  an  antimitogenic  effect  under  various  experimen¬ 
tal  conditions.  To  determine  the  range  of  this  effect,  and  to 
select  appropriate  cell  lines  for  study  of  the  differentiative 
effects  of  heregulin,  we  characterized  the  proliferative  re¬ 
sponse  to  heregulin  of  a  panel  of  human  breast  cancer  cell 
lines,  many  of  which  had  not  previously  been  evaluated  for 
their  heregulin  response.  The  cell  lines  differ  in  their  EGFR 
family  member  expression  (Fig.  IB  and  C)  and  their  exogenous 
ligand  requirements.  Many  grow  under  growth  factor-defined, 
serum-free  conditions,  allowing  evaluation  of  the  effect  of 
heregulin  without  the  confounding  factor  of  undefined  serum 
growth  factors  and  without  subjecting  the  cells  to  serum  star¬ 
vation.  Three  cell  lines  demonstrated  a  significant  growth  in¬ 
hibitory  response  to  heregulin:  SUM44,  SUM  185.  and  SUM225 
(Fig.  lA).  The  MDA-MB-453  cells  obtained  from  the  Ameri¬ 
can  Type  Culture  Collection  were  only  minimally  responsive  to 
heregulin  and  in  fact  grew’  slowly  under  the  conditions  tested. 
As  discussed  below,  they  appeared  to  have  constitutive  activa¬ 
tion  of  HER4,  which  precluded  their  use  for  evaluation  of 
ligand  dependence.  MCFIOA  cells,  which  have  been  shown  to 
have  a  proliferative  response  to  heregulin  when  grown  in  se¬ 
rum-containing  medium  or  when  starved  of  insulin  or  EGF, 
did  not  demonstrate  a  proliferative  effect  when  heregulin  was 
added  to  defined  medium  containing  EGF  and  insulin. 

To  correlate  the  antiproliferative  response  with  HER4  ex¬ 
pression,  mRNA  levels  from  these  cell  lines  were  evaluated  by 
quantitative  PCR  using  the  ABI  PRISM  7700  (Fig.  IB  and  C). 
The  three  cell  lines  that  demonstrated  an  antiproliferative  re¬ 
sponse  to  heregulin  all  expressed  HER4,  while  the  cell  lines 
that  lacked  an  antiproliferative  response  to  heregulin  did  not, 
or  expressed  very  low  levels.  Thus,  HER4  expression  corre¬ 
lated  with  an  antiproliferative  response  to  heregulin. 

Receptor  tyrosine  phosphorylation  in  response  to  heregulin 
stimulation.  Previous  w’ork  (1)  led  us  to  examine  heregulin- 
dependent  tyrosine  phosphorylation  of  the  EGFR  family  mem¬ 
bers  in  MDA-MB-435  cells,  which  have  a  high  level  of  HER2 
expression  (Fig.  1C)  and  modest  HER4  mRNA  levels  as  mea¬ 
sured  by  quantitative  PCR.  Despite  low  levels  of  HER4  mes¬ 
sage,  substantial,  constitutive  HER4  tyrosine  phosphorylation 
was  observed,  which  was  not  further  increased  by  heregulin 
treatment  (Fig.  2A).  In  contrast,  the  low-level  constitutive 
HER2  tyrosine  phosphorylation  was  further  induced  by  heregu- 
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FIG.  4.  (A)  Introduction  of  a  kinase-dead  HER4  construct  in  SUM44  cells.  Full-length  HER4  Containing  a  mutation  in  the  ATP  binding 

expressed  in  SUM44  cells  after  retroviral  infection  and  selection  with  G418  (expre-ssion  was 
confirmed  by  RT-PCR).  SUM44-kdHER4  cells  or  vector  control  cells  were  plated  at  a  density  of  10*  cells  per  well  in  six-well  plates  and  grown 
in  the  presence  or  absence  of  10  ng  of  heregulin  pi  per  ml  for  three  medium  changes  (7  days),  and  the  number  of  cells  was  counted  Error  bars 
represent  standard  deviations  of  at  least  three  experiments.  Control  cells  demonstrated  significant  growth  inhibition  in  response  to  heregulin  but 
this  response  w^  attenuated  m  cells  eiyressing  kinase-dead  HER4.  (B)  Ugand-induced  receptor  phosphorylation  in  vector  control  cells  or  cells 
expressing  kaHER4.  Cells  were  treated  with  10  ng  of  heregulin  pi  per  ml  for  10  min,  immunoprecipitated  (IP)  with  HER2,  HER3  or  HER4 
electro^oresed,  and  blotted  with  an tiphospho tyrosine  (anti-PY).  Expression  of  kinase-dead  HER4  did  not  affect  HER2  or  HER3  phosphorv- 
ation.  There  was  an  apparent  increase  in  HER4  phosphorylation,  presumably  due  to  endogenous  phosphorylation  by  heterodimeric  partners  of 
the  kinase-dead  receptor,  which  is  expressed  at  high  levels.  ^ 


of  HER4  tyrosine  phosphorylation  (Fig.  2B).  Thus,  activation 
of  HER4  alone  correlates  with  an  antiproliferative  effect  in 
response  to  HER4  ligands.  In  MDA-MB-453  cells,  HB-EGF 
did  not  induce  HER2  or  HER4  tyrosine  phosphorylation 
above  the  baseline  constitutive  activation  (Fig.  2B)  and  did  not 
slow-  growth  of  these  cells  (data  not  shown). 

Differentiation  in  response  to  HER4  activation.  Decreased 
proliferation  is  one  of  the  phenotypic  changes  that  occur  with 
differentiation  of  human  breast  cancer  cells,  but  decreased 
proliferation  may  occur  without  differentiation.  Therefore,  we 
looked  to  see  whether  other  phenot)pic  changes  occurred  with 
heregulin  or  HB-EGF  stimulation.  With  differentiation,  breast 
epithelial  cells  change  morphology,  becoming  more  flattened 
with  higher  cytoplasm-to-nucleus  ratios.  They  produce  milk 
proteins,  which  in  human  cells  can  be  measured  by  detecting 
an  increase  in  neutral  lipids.  SUM44  cells  were  treated  with 
heregulin  and  examined  for  morphologic  changes  and  neutral 
lipid  production  as  measured  by  Sudan  IV  staining.  Over  a  2- 
to  6-day  heregulin  treatment,  a  proportion  of  the  SUM44  cells 
underwent  clear  morphologic  changes  consistent  with  differ¬ 
entiation  (Fig.  3A).  These  and  other  cells  without  such  signif¬ 
icant  morphologic  changes  produced  neutral  lipid  droplets 
(Fig.  3B).  In  order  to  better  evaluate  the  percentage  of  cells 
that  underwent  these  differentiative  changes,  we  quantified 
neutral  lipid-producing  cells  by  fluorescence-activated  cell 
sorting  (FACS)  analysis  using  Nile  red  (Figure  3C).  Heregulin 
clearly  induced  morphologic  changes  and  neutral  lipid  produc¬ 
tion  in  SUM44  cells. 

Attenuation  of  antiproliferative  response  to  heregulin  by 
expression  of  kinase-inactive  HER4.  Heregulin  causes  n  rosine 


phosphorylation  of  HER2  and  HER3  as  well  as  HER4  in 
SUM44  cells  and  induces  differentiation  changes.  HB-EGF 
induces  tyrosine  phosphorylation  of  only  HER4  in  these  cells 
and  induces  antiproliferative  changes,  suggesting  that  HER4 
alone  is  responsible  for  transmitting  the  antiproliferative  signal 
seen  in  response  to  both  ligands.  To  further  support  the  role  of 
HER4  in  transmitting  an  antiproliferative  signal,  we  attempted 
to  block  the  antiproliferative  response  to  heregulin  by  inter¬ 
fering  with  HER4  activation.  A  kinase-inactive  HER4  con¬ 
struct  (kdHER4)  that  in  other  receptor  contexts  acts  as  a 
dominant  negative  was  created  by  site-directed  mutagenesis 
and  introduced  into  SUM44  cells  by  retroviral  infection.  Se¬ 
lection  of  kdHER4-  or  vector-expressing  cells  was  performed 
with  the  antibiotic  G418,  Cells  expressing  kdHER4  demon¬ 
strated  increased  proliferation  compared  with  vector  control 
cells,  suggesting  that  kdHER4  was  counteracting  a  growth  in¬ 
hibitory  signal.  In  addition,  expression  of  kinase-dead  HER4 
(but  not  vector)  in  SUM44  cells  blocked  the  heregulin-depen- 
dent  antiproliferative  response  (Fig.  4A).  The  effects  of  kinase- 
dead  HER4  expression  on  HER2,  HER3,  and  HER4  tyrosine 
phosphorylation  are  shown  in  Fig.  4B.  Expression  of  kinase- 
dead  HER4  did  not  interfere  with  ligand-induced  HER2  or 
HER3  tyrosine  phosphory  lation.  There  was  an  apparent  in¬ 
crease  in  HER4  phosphorylation,  presumably  due  to  phos¬ 
phorylation  of  the  kinase-dead  receptor,  which  is  expressed 
at  high  levels.  This  may  result  from  HER2-kdHER4  het¬ 
erodimers,  with  the  HER2  providing  the  kinase,  as  occurs  with 
EGF-dependent  EGFR  tyxosine  phosphorylation  of  kinase- 
dead  HER2,  Regardless,  it  is  clear  that  heregulin-dependent 
HER2,  HER3,  and  HER4  tyrosine  phosphorylation  is  insuffi- 
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cient  to  send  the  full  HER4  signal  in  cells  overexpressine 
expressing  kdHER4;  i.e.,  the  antiproliferation  response  is  at¬ 
tenuated.  The  explanation  for  attenuation  of  the  HER4  signal 
presumably  lies  in  the  lack  of  specific  tyrosine  phosphory'lation 
sites  on  HER4  phosphorylated  by  HER2  or,  perhaps  more 
intriguingly,  the  absence  of  activated  HER4  kinase  domain- 
engaging  specific  substrates  (even  soluble  non-SH2  domain- 
containing  substrates)  that  trigger  the  antiproliferation  signal; 
we  are  currently  investigating  these  hypotheses. 

Expression  of  HER4  in  HER4-negative  cells:  acquisition  of 
antiproliferative  and  differenHation  capability.  It  is  possible 
that  some  unique  characteristic  of  SUM44  cells  resulted  in  the 
detection  of  a  HER4-dependent  antiproliferative  response. 
Therefore,  a  second  model  cell  system  was  sought.  SUM  102  is 
a  primary  human  breast  cancer  cell  line  that  does  not  demon¬ 
strate  a  proliferative  or  antiproliferative  response  to  heregulin 
(Fig.  lA),  nor  does  it  exhibit  heregulin-dependent  differenti¬ 
ation  (not  shown).  SUM102  cells  do  not  express  HER4  (Fig. 
IB).  Therefore,  to  determine  whether  expression  of  HER4  in 
a  HER4-negative  cell  line  would  be  sufficient  to  induce  an 
antiproliferative  and/or  differentiation  response  to  heregulin. 
SUM102  cells  were  infected  with  retrovirus  containing  full- 
length  HFR4  or  vector  alone  and  selected  for  neomycin  resis¬ 
tance.  The  resistant  colonies  grew  slowly  but  yielded  several 
lines.  Vector-infected  control  cells  do  not  express  HER4,  while 
SUM102-HFR4  lines  stably  express  HER4  that  is  tyrosine 
phosphorylated  in  response  to  heregulin  (Fig.  5).  EGFR  phos¬ 
phorylation  in  response  to  FGF  is  unaffected  by  HFR4  expres¬ 
sion.  SUM102  cells  express  very  low  levels  of  HER2  (Fig.  1C), 
which  is  not  appreciably  phosphorylated  in  response  to  heregu¬ 
lin  whether  or  not  HER4  is  expressed.  SUM  102  cells  do  not 
express  HER3. 

While  neither  parental  SUM  102  cells  nor  SUM102-pLXSN 
vector  control  cells  demonstrated  an  antiproliferative  or  dif¬ 
ferentiation  response  to  heregulin,  SUM102-HER4  exhibited 
slowed  growth  in  response  to  heregulin  (Fig.  6A).  In  addition. 
SUM102-HER4  cells  demonstrated  increased  neutral  lipid 
production  when  treated  with  heregulin,  while  the  parental 
SUM102  cells  (data  not  shown)  and  SUM102-pLXSN  control 
cells  (Fig.  6B)  did  not.  Thus,  expression  of  HER4  provided 
SUM102  cells  with  both  antiproliferative  and  differentiative 
responses  to  heregulin,  suggesting  that  HER4  is  essential  for 
the  differentiation  response. 

To  further  confirm  that  SUM102-HER4  cells  were  under¬ 
going  differentiation  changes  upon  heregulin  stimulation,  we 
evaluated  the  expression  of  E  cadherin,  whose  expression  has 
been  correlated  with  differentiation  changes  in  a  number  of 
systems  (reviewed  in  reference  51).  Heregulin  induced  a  2.5- 
fold  increase  in  expression  of  E  cadherin  in  SUM102-HER4 
cells  but  not  in  control  cells  (Fig.  6C),  and  this  was  quantified 
by  densitometry  (Fig.  6D).  Thus,  heregulin  induces  an  antipro¬ 
liferative  response  only  in  SUM  102  cells  that  express  HER4. 
The  antiproliferative  response  is  paralleled  by  differentiation 
changes,  including  neutral  lipid  production  and  increased  E 
cadherin  expression. 

Removal  of  HER2  does  not  abolish  the  heregulin-dependent 
antiproliferative  response.  Our  results  in  both  cell  lines  sug¬ 
gested  that  HER4  plays  a  necessary  role  in  mediating  an 
antiproliferative  and  differentiation  signal,  but  they  do  not 
answer  a  central  question;  does  HER2  contribute  to  this  re- 
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FIG.  5.  Stably  infected  SUM102  cells  express  HER4  that  is  acti¬ 
vated  by  heregulin.  Full-length  HER4  was  stably  expressed  in  SUM102 
rells,  a  HER4-negative  human  breast  cancer  cell  line,  by  retroviral 
infection  and  selection  for  G418  resistance.  HER4  expression  was 
confirmed  by  Western  blotting  using  HER4  antiserum.  Vector  expres¬ 
sion  was  confirmed  in  control  cells  by  RT-PCR  of  neomycin-resistant 
cells  (data  not  shown).  Tyrosine  phosphorylation  of  HER4  and  HER2 
m  response  to  heregulin  stimulation  was  measured  by  immunoprecipi- 
tation  (IP)  with  antibody  to  HER4  or  HER2  and  Western  blotting  with 
antii^osphotyrosine  (anti-PY).  Phosphorylation  of  EGFR  in  response 
to  EGF  stimulation  was  similarly  examined.  In  SUM102-HER4  lines 
r  ^  j  activated  but  is  actuated  in  response  to 

lignd.  There  is  no  appreciable  phosphorylation  of  HER2  in  either 
HER4-expressing  or  wild-type  cells,  and  EGFR  phosphorylation  in 
response  to  EGF  is  not  altered  by  HER4  expression. 


sponse?  To  determine  this,  the  capacity  for  HER2  signaling 
was  removed  from  both  SUM44  and  SUM102-HER4  cells  by 
abolishing  HER2  cell  surface  expression.  This  was  accom¬ 
plished  by  sequestering  HER2  in  the  ER  by  expressing  single¬ 
chain  anti-HER2  antibody  containing  an  ER-targeting  se¬ 
quence  (19).  This  cDNA  construa,  5R,  was  introduced  into 
cells  after  having  been  packaged  as  an  amphotrophic  retrovi¬ 
rus.  Selection  of  infected  SUM102-pLXSN,  SUM102-HER4, 
and  SUM44  cells  by  puromycin  resistance  resulted  in  cell  lines 
expressing  5R  in  addition  to  HER4.  This  resulted  in  a  loss  of 
membrane-localized  HER2,  as  determined  by  immunohisto- 
chemistry  (data  not  shown),  and  completely  abolished  heregu- 
lin-dependent  HER2  tyrosine  phosphoiylation  (Fig.  7A).  Con¬ 
sistent  with  reports  that  expression  of  5R  can  reduce 
herepilin-induced  HER4  phosphorylation  (4),  there  was  a  re¬ 
duction  in  heregulin-induced  HER4  tyrosine  phosphorylation 
in  SUM44  cells.  The  HER2  single-chain  ER-tagged  antibody 
also  virtually  abolished  heregulin-induced  HER3  phosphory¬ 
lation  in  SUM44  cells.  In  SUM102-HER4  cells,  expression  of 
the  5R  construct  did  not  appreciably  dampen  phosphorylation 
of  the  exogenously  expressed  HER4  (Fig.  7B),  possibly  be¬ 
cause  this  HER4  is  expressed  at  high  levels  compared  with  the 
endogenous  levels  of  HER4  seen  in  SUM44  cells,  and  there  is 
essentially  no  detectable  HER2  activation  in  the  parental  line 
(Fig.  5).  The  5R  construct  did  not  affect  the  ability  of  EGF  to 
induce  phosphorylation  of  EGFR.  SUM102  cells  do  not  dem- 


A. 


SUM102-pLXSN  SUM102-HER4 


■  control 

■  heregulin 


Wot:  E  Cadherin 

,0  .  suM.oa„,p, 

^4  or  vector  control  cells  were  plated  at  a  density  5  -,,^her  of  cells  was  counted.  The  ratio  of  number  of  cells  grown  m  the  P^ese" 

?.orbrw« 

ponse  to  heregulin. 
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heregulin  in  SUM44  derivatives.  Cells  containing  the  5R  constmct  Id  not  demo^  '  u  T'lT®  P'’“P*’O0'lation  of  HER2-4  in  response  to 
opposed  to  vector  control  cells,  indicating  thft  5R  effectively  eLinatef  HER2  phosphory  lation,  as 

heregulin-induced  HER3  phosphorylation  Ld  dampened  HER4  ohosohorel^En^iP®  ®  construct  also  inhibited 

Tyrosine  phosphorylation  of  HER4  and  EGFR  in  re^nse  to  ligand  stimulation  in  ^"*'P'’osphot>Tosine.  (B) 

or  EGFR  ligand-induced  phosphorylation.  (C)  Antipr^ahvi  fel  '^^f  SUmTvIT^'  ' 

cells  were  treated  with  heregulin  or  HB-EGF,  and  the  proliferative  msrtonse  war  i  SUM44  vector  rontrol  pBABE  and  5R  expressing 

1.  The  absence  of  HER2  signaling  did  not  alter  the  grwih  inhibitorv  res^nJ!  nf  ht  ^1“  Matenals  and  Methods  and  for  Fig. 

SUM102-HER4  cells.  SUM102-HER4  cells  or  vector  control  cells  cont'^inin^R^  heregulin  Md  HB-EGF.  (D)  Antiproliferative  response  to 

of  HER2  tyrosine  phosphorylation  did  not  abolish  the  antiproliferative  effect  "ndluMl'o2SR^ra^s''"  h^^hT*”^°" 

demonstrate  an  antiproliferative  effect.  ^  bUM102-5R  cells  which  do  not  contain  HER4  did  not 


onstrate  appreciable  HER2  phosphorylation  in  response  to 
heregulin  (Fig.  5)  or  express  HER3  (Fig.  1C). 

SUM44  cells  expressing  the  pBABE  vector  exhibited  both 
HB-EGF-  and  heregulin-dependent  antiproliferative  responses. 
Again,  heregulin  was  more  potent.  Introduction  of  5R  and 
elimination  of  HER2  signaling  did  not  block  either  ligand- 
dependent  antiproliferative  response  in  SUM44  cells  (Fig.  7C). 
In  the  SUM102-pLXSN  cells,  which  do  not  express  HER4, 
sequestration  of  HER2  did  not  change  the  lack  of  antipro¬ 
liferative  response  to  heregulin  (Fig.  7D).  Furthermore,  in 
SUM102-HER4  cells,  which  had  acquired  an  antiproliferative 
response  to  heregulin  by  virtue  of  HER4  expression,  seques¬ 
tration  of  HER2  did  not  abolish  this  response.  Thus,  unlike 
HER4,  HER2  is  not  necessary  for  the  antiproliferative  re¬ 


sponse  in  cells  with  either  endogenous  (SUM44)  or  exog 
enously  expressed  (SUM102-HER4)  HER4. 


DISCUSSION 

In  our  studies  of  HER4  in  human  breast  cancer  cells,  we 
found  clear  antiproliferative  and  differentiative  responses  to 
heregulin  in  SUM44  cells.  This  response  correlated  with 
hereguhn-induced  HER4  tyrosine  phosphorylation  and  was 
induced  by  another  HER4  ligand,  HB-EGF,  which  activates 
HER4  but  not  the  other  EGFR  family  members  in  this  cell 
line.  In  addition,  overexpression  of  kinase-dead  HER4  oblit¬ 
erated  this  response.  The  only  other  cell  lines  that  demon¬ 
strated  growth  suppression  upon  treatment  with  heregulin. 
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SUM  185  and  SUM225,  also  exhibited  HER4  expression. 
HER4-negative  cells  did  not  show  a  heregulin-dependent  an¬ 
tiproliferative  response.  To  further  confirm  the  involvement  of 
HER4  in  mediating  an  antiproliferative  and  differentiative  re¬ 
sponse,  we  expressed  HER4  in  HER4-negative  SUM  102  cells. 
HER4-expressing  SUM  102  cells  acquired  an  antiproliferative 
and  differentiative  response  upon  HER4  activation.  Thus, 
HER4  can  mediate  antiproliferative  and  differentiative  signals 
in  human  breast  cancer  cells. 

Activation  of  HER4  and  HER2  has  been  associated  with  a 
range  of  responses,  including  growth  stimulation  and  suppres¬ 
sion,  as  well  as  stimulation  of  expression  of  differentiation 
markers.  The  outcome  depends  upon  the  cell  type,  the  com¬ 
plement  of  EGER  family  members  expressed,  the  level  of 
HER2  expression,  the  ligand  fand  even  the  ligand  isoform), 
and  the  presence  of  other  growth  factors  or  serum.  Our  aim 
was  to  specifically  investigate  the  role  of  HER4  in  the  antipro¬ 
liferative  and/or  differentiative  response  and  to  prove,  to  the 
extent  possible,  that  HER4  activation  alone  was  necessary  and 
or  sufficient  to  produce  this  response. 

We  hypothesized  that  if  any  EGFR  family  member  w'as 
primarily  responsible  for  the  antiproliferative  and  differentia¬ 
tive  response,  HER4  was  the  likely  candidate,  since  HER4  has 
been  implicated  in  differentiation  developmental  responses  in 
a  number  of  settings.  In  the  endometrium,  HER4  expression 
and  expression  of  HER4  ligands  are  increased  during  the  se¬ 
cretory  phase,  suggesting  a  role  in  endometrial  maturation 
(46).  HER4  is  critical  for  cardiac  and  neural  development,  as 
HER4  knockout  mice  are  nonviable  due  to  impaired  cardiac 
and  neural  development  (6. 18).  In  the  mouse  mammary  gland, 
a  carbox\'-terminal  deletion  mutation  of  HER4  impairs  post- 


inate  (3)  HER4  agonist  antibodies  can  induce  a  differentiation 
res|^.nse  wLh  is^partially  reversed  by  HER4  antagonist  an- 
tibodies  but  this  is  also  seen  with  HER2  (9). 

However,  some  studies  of  EGFR  family  member  activation 
in  42D  mouse  mveloid  cells  support  a  proliferative  function  for 
HER4,  since  cells  expressing  HER4  alone  or  in  combina  ion 
with  EGFR  demonstrated  a  mitogenic  response  to  stimu  atio 
with  EOF  or  epiregulin  (43, 49).  Furthermore,  downregulation 
of  exogenously  expressed  HER4  by  ribo^mes  decreased  pro¬ 
liferation,  suggesting  that  HER4  was  mediating  proliferative  as 
opposed  to  antiproliferative  or  differentiative  resumes  (48). 
However,  others  found  that  32D  cells  exprw^ng  bo  - 

and  HER4  were  growth  stimulated  by  HB-EGF,  whereas  those 
ex-pressing  onW  HER4  had  a  growth  inhibitory  response,  sug¬ 
gesting  that  HER4  may  be  involved  in  prol'ferative  or  anti¬ 
proliferative  signals,  depending  on  presence  of  HER2  (5  )^ 
Similarly,  we  have  found  that  activation  of  an  EGFR^ER4 
chimera  induced  an  antiproliferative  response  in  32D  cells 
(data  not  shown). 

Our  studies  conclusively  support  a  role  for  HE  , 
absence  of  HER2,  as  a  mediator  of  an  antiproliferative  an 
differentiative  response  in  human  breast  cancer  cell  lines  Fup 
ther  investigations  are  under  way  to  determine  the  downstream 
signal  transduction  pathways  involved  in  HER4  signaling. 
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partum  lobuloalveolar  development  due  to  a  lack  of  terminal 
differentiation  (24).  Consistent  with  a  role  in  antiproliferation 
and  differentiation,  in  human  breast  cancers  HER4  expression 
is  associated  with  low  histological  grade  (47).  This  is  in  contrast 
to  HER2,  which  is  often  associated  with  tumors  with  poorer 
prognostic  features  and  outcome. 

The  complicated  nature  of  EGFR  family  member  interac¬ 
tions  makes  it  difficult  to  discern  the  contribution  of  each 
member  to  the  differentiation  response.  For  example,  the  dif¬ 
ferentiation  response  to  heregulin  has  alternately  been  attrib¬ 
uted  to  HER2  and  HER4,  since  heregulin  can  activate  both 
receptors.  We  first  implicated  HER4  by  using  a  ligand.  HB- 
EGF,  that  does  not  activate  HER2.  To  more  definitely  elimi¬ 
nate  the  contribution  of  HER2,  we  used  single-chain  antibod¬ 
ies  that  sequester  HER2  in  the  ER.  The  antiproliferative 
response  to  heregulin  was  not  abolished  with  HER2  loss.  Our 
studies  demonstrate  that  HER4  can  mediate  an  antiprolifera¬ 
tive  signal  but  do  not  rule  out  a  contribution  from  HER2  to  a 
differentiative  signal.  This  is  consistent  with  the  findings  of 
others.  In  MCF7  cells,  removal  of  surface  HER2  affected 
heregulin-induced  morphologic  differentiation  changes.  How¬ 
ever.  HER2  was  not  required  for  heregulin  effects  on  prolif¬ 
eration  (4).  Antisense  HER2  expressed  in  AU565  cells  caused 
cells  to  proliferate  more  slowly  and  abolished  the  antiprolif¬ 
erative  and  differentiation  response  to  high  concentrations  of 
heregulin  without  affecting  the  proliferative  response  to  low 
concentrations  of  heregulin  (55).  In  AU565  cells,  HER2  inhib¬ 
itory  antibodies  induce  differentiation,  suggesting  that  removal 
of  HER2  may  enable  a  HER4  differentiation  signal  to  predom- 
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Abstract: 


A  rearranged  epidermal  growth  factor  receptor  gene  encodes  a  protein  (EGFRvIII)  that 
provides  a  growth  advantage  to  gliomas  in  vivo,  and  in  transformed  cells  results  in 
ligand-independent  proliferation  in  vitro.  To  further  define  the  effect  of  EGFRvIII,  we 
determined  its  capacity  to  transphosphorylate  HERl-4  when  transiently  over-expressed  in 
CHO  cells  and  its  more  physiologic  effect  on  receptor  phosphorylation  and  cell  growth 
when  stably  expressed  in  human  mammary  epithelial  cells.  EGFRvIII  was  able  to 
functionally  heterodimerize  and  phosphorylate  HER  1-4  in  CHO  cells,  but  in  mammary 
cells  only  HER2  and  EGFRvIII  were  constitutively  phosphorylated.  EGFRvIII  expression 
conferred  EGF  and  IGF-1  independence  in  MCFIOA  cells,  and  phosphorylation  of 
EGFRvIII  and  HER2  correlated  with  constitutive  activation  of  p42/p44  MAPK  and  Akt. 
Moreover,  EGFRvIII  expression  enabled  MCFIOA  soft  agar  growth  and  transient 
establishment  of  tumors  in  nude  mice.  Thus,  EGFRvIII  can  induce  a  transformed 
phenotype  in  a  normal  human  breast  cell  line;  HER2  appears  to  be  the  preferred  partner 
and  may  amplify  EGFRvIII  transforming  capability. 
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Introduction: 


The  original  sequencing  of  the  viral  oncogene  v-erbB  (the  cause  of  avian 
erythroblastosis)  and  the  epidermal  growth  factor  receptor  (EGFR)  identified  the  EGFR 
as  a  protooncogene  and  v-erbB  as  a  constitutively  active  tyrosine  kinase  with 
transforming  capability  (1).  Indeed,  EGFR  family  members  are  frequently  over¬ 
expressed  or  activated  by  autocrine  factors  in  a  number  of  human  tumors,  including 
gliomas,  breast,  head  and  neck,  lung,  prostate,  and  gastrointestinal  cancers.  EGFR  over¬ 
expression  by  gene  amplification  is  seen  in  40%  of  high  grade  gliomas  (2),  and  altered 
products  resulting  from  gene  rearrangement  have  been  identified.  The  most  frequent  re¬ 
arrangement,  designated  EGFRvIII  or  AEGFR,  results  in  loss  of  exons  2-7,  and 
functionally  if  not  architecturally  resembles  v-erbB  in  that  it  has  deleted  sequences  in  the 
extracellular  ligand-binding  domain  of  the  receptor,  abrogating  ligand-dependent 
regulation  (3, 4).  EGFRvIII  has  been  reported  in  clinical  breast  cancer  specimens  (5, 6), 
and  one  group  has  recently  reported  that  EGFRvIII,  when  over-expressed  in  the 
transformed  MCF7  human  breast  cancer  cell  line,  enhanced  tumorigenicity  as  measured 
by  tumor  growth  in  nude  mice  and  soft  agar  assays  (7).  To  determine  the  significance 
and  biological  relevance  of  EGFRvIII,  we  studied  its  ability  to  phosphorylate  other 
EGFR  family  members,  activate  downstream  signal  transducers,  and  the  resultant 
phenotypic  effect. 

Materials  and  Methods 

Cell  lines,  Tissue  culture.  MCFIOA  and  SUM44  cells  were  grown  in  serum-free 
growth  factor-defined  media  as  previously  described  (8).  All  tissue  media  reagents  were 
obtained  from  Sigma,  except  for  FBS  and  insulin,  which  were  obtained  from  Gibco,BRL. 
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CHO-Kl  cells  were  grown  in  EMEM  media  containing  nonessential  amino  acids  and 
10%  FBS  (Gibco,  BRL).  To  create  EGFRvIII-expressing  lines,  retroviral  infection  was 
performed  as  previously  described  (8).  Briefly,  full-length  EGFRvIII  (kind  gift  from  Dr. 
D.  Herlyn,  Wistar  Institute)  was  cloned  into  the  pLXSN  retroviral  expression  vector,  and 
sequenced  in  its  entirety.  PAS  17  cells  were  transfected  with  vector  alone  or  vector 
containing  construct  and  viral  supernatant  collected.  1ml  of  viral  supernatant  was  added 
with  8ug/ml  polybrene  to  MCFIOA  or  SUM44  cells.  After  a  48  hour  incubation,  cells 
were  placed  in  medium  containing  G418(0.3mg/ml).  G418  resistant  cells  were  pooled 
and  expression  of  EGFRvIII  was  confirmed  by  western  blot. 

Proliferation  assays.  Cells  were  plated  into  6  well  plates  at  a  density  of  5x10^ cells  per 
well  and  grown  in  full  growth  media  or  without  EGF  or  Insulin  or  both  EGF  and  Insulin 
for  3  media  changes.  Cells  were  trypsinized  and  counted  by  hemocytometer.  For  growth 
curves,  cells  were  counted  at  different  time  points  incubated  with  the  indicated  medium 
constituents. 

Immunoprecipitation  and  Immunoblot  analysis.  CHO-Kl  cells  were  transiently 
transfected  using  Fugene  (Roche)  with  EGFRvIII  and  EGFR,  HER2,  or  HER4  rendered 
kinase  inactive  by  site  directed  mutagenesis,  or  HER3.  Cells  were  lysed  after  24  hours 
and  either  direct  lysate  or  post-immunoprecipitation  immunoblot  analysis  was  performed. 
Alternatively,  G418-resistant  MCFIOA  or  SUM44  cells  (as  described  above)  were  used. 
Immunoprecipitation  and  western  blotting  were  performed  as  previously  described  (8). 
The  antibodies  used  for  immunoprecipitation  were  HER-2  (Clone  9G6.10,  mouse 
monoclonal  antibody.  Neomarkers,  Inc),  EGFR,  HER-3,  and  HER4  polyclonal  rabbit 
antisera  raised  against  the  carboxyl-termina  of  recombinant  EGFR,  HER3  or  HER4 
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expressed  as  a  GST-fusion  protein,  respectively;  for  immunoblotting  RC20  (Transduction 
Laboratories),  erbB-2  (Ab-1,  Neomarkers),  EGFR,  HERS,  or  HER4  antisera,  phospho- 
Akt,  phospho-p44/42,  phospho-p38,  or  phospho-JNK  (Cell  Signaling,  Beverly,  MA 
01915)  was  used. 

Soft  agar  and  tumor  formation  assays.  1.5ml  of  F-12  medium  containing  0.6% 
agarose  (Sigma  )  was  plated  into  one  well  of  six-well  plate  as  bottom  layer.  After  the 
bottom  layer  solidified,  20,000  cells  per  well  were  plated  in  a  1ml  top  layer  containing 
0.4%  agarose.  All  samples  were  prepared  in  triplicate.  Cells  were  incubated  for  4  weeks 
at  37C°.  Colonies  were  stained  with  MTT  (5mg/ml,  Sigma).  Animal  studies  were 
performed  by  the  Lineberger  Comprehensive  Cancer  Center  Human  Tumor  Model  Core 
Facility  in  accordance  with  institutional  animal  care  and  use  committee  guidelines. 

For  tumor  formation  studies,  5x10®  cells  (MCFlOA-pLXSN  or  MCFlOA-vIII)  were 
injected  into  the  flanks  of  nude  mice,  and  the  sites  monitored  weekly. 

Results: 

EGFRvIII-induced  EGFR  family  member  tyrosine  phosphorylation. 

To  determine  the  ability  of  EGFRvIII  to  dimerize  with  and  transphosphorylate 
EGFR  family  members,  we  cotransfected  EGFRvIII  and  kinase  inactive  HER  1-4  in  CHO 
cells.  EGFRvIII  when  expressed  in  this  manner  is  kinase  active  without  ligand  and,  as 
shown  in  Figure  lA,  can  tryosine  phosphorylate  all  four  family  members.  This 
establishes  the  potential  of  EGFRvIII  to  activate  all  members  of  the  family. 

To  assess  the  interaction  of  EGFRvIII  with  the  members  in  a  more  physiologic 
context,  EGFRvIII  was  stably  expressed  in  MCFIOA  and  SUM44  cells  by  retroviral 
infection.  MCFIOA  is  a  spontaneously  immortalized  cell  line  derived  from  normal. 
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human  mammary  epithelial  cells  that  expresses  EGFR,  HER2,  and  HER3  at  non- 
amplified  levels.  SUM44  is  a  human  breast  cancer  cell  line  that  expresses  HER2-HER4. 
Immunoprecipitation  and  blotting  were  performed  using  vector  control  or  EGFRvIII 
expressing  cells,  in  the  presence  or  absence  of  ligand  stimulation  (Figure  IB  and  C). 
Constitutive  tyrosine  phosphorylation  of  EGFRvIII  was  observed  in  EGFRvIII- 
expressing  cells  (MCFlOA-vIII  and  SUM44-vIII),  but  was  not  further  enhanced  by 
stimulation  with  heregulin  or  EGF.  In  contrast,  EGFR  was  not  phosphorylated  in  the 
EGFRvIII-expressing  cells  or  vector  control  cells  until  ligand  was  added.  Thus,  in  these 
cells  EGFRvIII  expression  does  not  induce  ligand-independent  EGFR  tyrosine 
phosphorylation. 

In  addition  to  constitutive  EGFRvIII  phosphorylation,  low-level  HER2  tyrosine 
phosphorylation  was  seen  in  EGFRvIII-expressing  but  not  vector  control  cells  (Figure  IB 
and  C).  With  ligand  stimulation  by  either  heregulin  or  EGF,  there  was  further  induction 
of  HER2  tyrosine  phosphorylation  in  EGFRvIII-expressing  cells,  similar  to  vector  control 
cells.  Thus,  EGFRvIII  expression  was  associated  with  constitutive  HER2  tyrosine 
phosphorylation,  but  did  not  abrogate  further  induction  by  ligand  stimulation.  In  contrast 
to  HER2,  and  similar  to  EGFR,  HERS  was  not  constitutively  activated  in  EGFRvIII- 
expressing  cells,  but  was  activated  in  response  to  heregulin  stimulation.  To  determine 
whether  EGFRvIII  induced  ligand-independent  phosphorylation  of  HER4,  we  stably 
expressed  EGFRvIII  in  SIJM44  cells,  a  breast  cancer  cell  line  that  expresses  HER2, 
HERS,  and  HER4.  As  in  the  MCFIOA  cells,  expression  of  EGFRvIII  induced  minimal 
but  definite  ligand-independent  HER2  phosphorylation.  Neither  HERS  nor  HER4  were 
constitutively  phosphorylated  (Figure  1C). 
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These  results  indicate  that  while  overexpressed  EGFRvIII  can  transphosphorylate 
HERl-4  when  overexpressed,  in  a  mammary  epithelial  cell  line  that  expresses  normal 
levels  of  HERl-3,  EGFRvIII  only  induces  constitutive  activation  of  HER2. 

EGFRvIII  enables  growth  factor  independent  proliferation. 

Since  expression  of  EGFRvIII  induced  constitutive  activation  of  EGFRvIII  and 
HER2,  we  wished  to  see  whether  expression  induced  phenotypic  changes  in  MCFIOA 
cells.  Growth  factor  independence  is  a  hallmark  of  pathologic  proliferation  of  human 
mammary  epithelial  cells,  and  MCFIOA  cells  are  strictly  dependent  on  exogenous  EGF 
and  insulin  for  growth  in  serum-free  conditions.  MCFIOA  cells  were  grown  in  fully 
supplemented,  serum-free,  growth  factor  defined  medium,  or  in  serum  free  medium  with 
EGF  or  insulin  deleted.  MCFIOA  vector  control  cells  displayed  limited  growth  in  the 
absence  of  insulin,  and  essentially  no  proliferation  in  the  absence  of  EGF  or  absence  of 
both  growth  factors  (Figure  2A).  In  contrast,  MCFlOA-vIII  cells  proliferated  in  the 
absence  of  EGF.  They  were  also  partially  resistant  to  insulin  starvation.  Interestingly, 
when  both  growth  factors  were  restricted,  MCFlOA-vIII  proliferation  was  sharply 
reduced. 

To  further  characterize  the  growth  factor-independent  proliferation  of  MCFIOA 
cells,  growth  curves  were  generated  by  counting  cells  at  various  timepoints  (Figure  2B). 
Expression  of  EGFRvIII  did  not  confer  a  proliferative  advantage  in  fully-supplemented 
medium;  the  proliferative  rate  of  MCFlOA-vIII  was  less  than  vector  control  cells. 
However,  under  conditions  of  growth  factor  deprivation  (EGF  starvation),  MCFlOA-vIII 
were  able  to  proliferate  at  virtually  the  same  rate  with  or  without  EGF,  and  thus  grew 
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substantially  better  than  vector  control  cells  in  the  absence  of  EGF,  eonfirming  the  EGF- 
independent  phenotype  conferred  by  expression  of  EGFRvIII  in  MCFIOA  cells. 

Downstream  signal  transduction  pathways  induced  by  EGFRvIII  expression  in 
mammary  epithelial  cells. 

EGFR  family  member  activation  may  elicit  a  proliferative  response  via  several 
downstream  signal  transduction  pathways,  including  those  of  the  MAPK  and  PI3K  family 
pathways.  We  examined  the  effect  of  ligand  activation  or  EGFRvIII  expression  on  the 
activity  of  ERK,  INK,  p38,  and  PI3K  cascades.  Akt,  a  downstream  mediator  of  PI3K 
signals,  was  not  constitutively  phosphorylated  in  growth-factor  starved  MCFIOA  vector 
control  cells  (Figure  3).  In  contrast,  MCFIOA- vIII  demonstrated  constitutive  Akt 
phosphorylation  in  the  absence  of  EGF  and  insulin.  In  both  the  control  MCFIOA  and 
MCFIOA vIII  cells,  heregulin  induced  further  Akt  tyrosine  phosphorylation  above  the 
constitutive  phosphorylation.  In  vector  control  cells,  EGF  induced  Akt  phosphorylation, 
but  in  EGFRvIII-expressing  cells  the  induction  of  Akt  phosphorylation  over  the  baseline 
constitutive  activation  was  minimal. 

Similarly,  p44/42  MAPK  was  constitutively  phosphorylated  under  growth  factor- 
deprived  conditions,  whereas  control  cells  demonstrated  no  baseline  p44/42  MAPK 
phosphorylation.  As  with  Akt,  ligand  stimulation  with  either  heregulin  or  EGF  induced 
p44/42  MAPK  phosphorylation  in  vector  control  cells.  However,  while  heregulin 
stimulation  induced  further  tyrosine  phosphorylation  over  constitutive  activation  of 
p44/42  MAPK  in  MCFIOA  vIII,  EGF  stimulation  did  not  induce  substantial  increase  in 
phosphorylation  over  baseline. 


8 


In  contrast  to  p44/42  MAPK,  there  was  no  difference  in  p38MAPK 
phosphorylation,  either  in  growth  factor-deprived  or  ligand  stimulated  conditions.  There 
was  basal  p38  MAPK  phosphorylation  in  both  MCFIOA  vector  control  and  EGFRvIII- 
expressing  cells,  uninduced  by  ligand  stimulation.  However,  there  were  differences  in 
JNK  phosphorylation  between  vector  control  cells  and  EGFRvIII-expressing  cells.  In 
vector  control  cells,  JNK  was  not  constitutively  phosphorylated,  but  phosphorylation  was 
induced  by  both  EGF  and  heregulin  stimulation.  In  contrast,  expression  of  EGFRvIII 
abolished  the  ligand-dependent  phosphorylation  of  JNK. 

EGFRvIII  expression  induces  a  transformed  phenotype. 

To  evaluate  whether  expression  of  EGFRvIII  in  MCFIOA  cells  conferred  features 
of  malignant  transformation,  we  investigated  whether  MCFlOA-vIII  cells  would  grow 
under  anchorage-independent  conditions.  Vector  control  cells  or  MCFIOA vIII  cells  were 
grown  in  soft  agar.  At  two  weeks,  there  were  no  obvious  colonies  in  either  EGFRvIII- 
expressing  or  control  cells.  However,  after  four  weeks,  numerous  colonies  of 
MCFIOA vIII  cells  developed,  while  no  colonies  developed  of  vector  control  cells  at  4 
weeks  or  by  eight  weeks  (Figure  4A).  Thus,  EGFRvIII  expression  confers  anchorage- 
independent  growth  in  MCFIOA  cells. 

To  determine  whether  expression  of  EGFRvIII  enabled  MCFIOA  cells  to  form 
tumors  in  nude  mice,  mice  were  injected  with  vector  control  MCFIOA  cells  or  MCFIOA- 
vIII  cells.  Neither  vector  control  nor  EGFRvIII  cell  injections  formed  durable  tumors  in 
nude  mice.  However,  unlike  mice  injected  with  MCFlOA-pLXSN  control  cells,  mice 
injected  with  MCFIOA-vIII  cells  formed  transient  tumor  masses  at  the  injection  site 
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within  one  week  (Figure  4B).  This  transient  growth  and  rapid  regression  was 
reproducibly  observed. 

Discussion: 

To  determine  the  significance  and  biological  relevance  of  EGFRvIII,  we  studied 
its  ability  to  phosphorylate  other  EGFR  family  members,  and  the  resultant  phenotypic 
effect.  The  EGFRvIII-induced  phenotypes  of  growth  factor-independent  proliferation, 
enhanced  tumorigenicity,  and  anchorage-independent  growth  have  been  attributed  to  low- 
level,  constitutive  phosphorylation  of  EGFRvIII,  thought  to  result  from  a  conformational 
change  that  permits  ligand-independent  homodimerization  (9-11).  Consistent  with  other 
reports,  we  found  constitutive  phosphorylation  of  EGFRvIII  in  MCFlOAvIII  cells,  which 
was  not  further  induced  by  EGF.  However,  we  also  found  ligand-independent  HER2 
phosphorylation  in  EGFRvIII-expressing  MCFIOA  cells,  as  has  been  seen  in  MCF7  cells 
expressing  EGFRvIII  (7).  Together,  these  studies  suggest  that  EGFRvIII:HER2 
heterodimers  may  form  when  EGFRvIII  is  expressed  at  modest  levels  in  human  breast 
epithelial  cells. 

Interestingly,  when  expressed  in  MCFIOA  cells,  EGFRvIII  did  not  induce 
constitutive  tyrosine  phosphorylation  of  endogenous  EGFR.  Likewise,  wt  EGFR  is  not 
phosphorylated  when  co-expressed  with  EGFRvIII  in  glioma  cells  (12).  In  contrast, 
overexpression  of  EGFRvIII  to  high  levels  was  able  to  induce  phosphorylation  of  kinase 
inactive  EGFR  in  CHO  cells.  Thus,  the  ability  of  EGFRvIII  to  heterodimerize  with  and 
phosphorylate  wtEGFR  may  depend  on  the  level  of  expression,  or  presence  of  other  more 
favored  heterodimerization  partners,  such  as  HER2.  Similarly,  EGFRvIII  expression  did 
not  induce  phosphorylation  of  endogenous  HER3  or  HER4,  although  phosphorylation 
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could  be  demonstrated  when  kinase  inactive  forms  of  these  receptors  were  expressed  at 
high  levels  in  CHO  cells.  Therefore,  at  least  in  MCFIOA  cells,  activation  of  EGHlvIII 
and/or  HER2,  but  not  EGFR,  HERS,  or  HER4  correlated  with  acquisition  of  phenotypic 
changes. 

Despite  constitutive  activation  of  EGFRvIII  and  HER2,  we  did  not  see  a 
proliferative  advantage  in  MCFIOA vIII  cells  under  growth  factor-complete  conditions. 

In  fact,  these  EGFRvIII-expressing  cells  consistently  grew  more  slowly  than  vector 
control  cells.  In  contrast,  under  EGF-deprived  conditions  MCFIOA vIII  cells 
demonstrated  a  clear  proliferative  advantage.  EGFRvIII  expression  has  been  shown  to 
confer  a  ligand-independent  proliferative  advantage  in  malignant  glioma  cells  and  human 
breast  cancer,  and  EGFRvIII  expression  obviates  the  need  for  IL-3  in  IL-3-dependent 
32D  cells  (7)  (9,  12).  Likewise,  EGFRvIII  expression  has  been  shown  to  increase 
proliferation  and  reduce  apoptosis  of  glioma  cells  grown  in  nude  mice,  and  to  mediate 
resistance  to  chemotherapy  (9, 13). 

We  demonstrate  that  EGFRvIII  expression  in  MCFIOA  cells  induces  ligand- 
independent  constitutive  activation  of  Akt,  implying  constitutive  activation  of  PI3K. 
EGFRvIII-induced  PI3K  activation  has  also  been  demonstrated  in  NIH-3T3  cells,  and  is 
thought  to  be  responsible  for  the  serum-  and  anchorage-independent  growth  in 
EGFRvIII-expressing  NIH3T3  cells  (14).  In  these  cells,  PI3K  activation  is  required  for 
constitutive  JNK  activation  as  determined  by  inhibition  of  constitutive  JNK  activation 
when  EGFRvIII-expressing  cells  are  treated  with  LY294002  (15).  Despite  constitutive 
Akt  phosphorylation,  we  did  not  see  constitutive  JNK  activation.  If  anything,  we  see  a 
decrease  in  heregulin-induced  JNK  activation. 
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EGFRvIII  enabled  MCFIOA  cells  to  form  palpable  growth  in  nude  mice 
compared  to  vector-expressing  MCFIOA  cells.  However,  these  were  not  durable.  On  the 
other  hand,  EGFRvIII  did  promote  growth  in  soft  agar.  Thus,  EGFRvIII  enables 
anchorage-independent  survival  and  growth,  but  not  full,  durable  tumorigenicity  in 
normal  mammary  epithelial  cells.  The  enhanced  tumorigenicity  of  EGFRvIII-expressing 
gliomas  has  been  attributed  to  activation  of  the  ras-SHC-grb2  pathway,  since  ras- 
neutralizing  antibodies  obliterate  the  proliferative  signal  and  SHC  phosphorylation  is 
dependent  on  the  kinase  activity  of  EGFRvIII  (16).  Our  finding  of  constitutive  p44/42 
MAPK  in  EGFRvIII-expressing  MCFIOA  cells  is  consistent  with  these  results.  In 
contrast,  in  NIH3T3  cells  EGFRvIII  expression  appears  to  downregulate  the  ras-MAPK 
pathway,  presumably  via  upregulation  of  phosphatase  activity  (10, 15)  (17).  One 
explanation  for  these  different  results  may  be  that  EGFRvIII  expression  in  the  presence 
of  other  EGFR  family  members  may  elicit  different  downstream  signal  transduction 
pathways  than  when  expressed  alone.  For  instance,  EGFRvIII:HER2  heterodimerization 
(Figure  IB)  may  be  responsible  for  the  constitutive  p44/42  phosphorylation  seen  in 
EGFRvIII-expressing  MCFIOA  cells.  Alternatively,  cell-type  specific  differences  in 
phosphatase  activity  may  account  for  the  disparate  observations,  such  as  the  suppression 
of  INK  activation  in  EGFRvIII  expressing  MCFIOA  cells. 

We  have  shown  that,  in  addition  to  enhancing  malignant  features  of  tumor  cells, 
EGFRvIII  can  function  to  transform  MCFIOA  non-malignant  human  mammary  epithelial 
cells.  Since  EGFRvIII  expression  resulted  in  constitutive  activation  of  both  itself  and 
HER2,  the  downstream  signal  transduction  pathways  and  resultant  phenotype  may  be  a 
result  of  either  HER2  activation  or  EGFRvIII  activation,  or  both. 
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Legends: 


Figure  1.  EGFRvlII-induced  HERl-4  tyrosine  phosphorylation.  A)  CHO-Kl  cells 
were  co-transfected  with  4ug  vector  DNA,  2  ug  vector  plus  2ug  EGFRvIII  DNA  ,  or  2ug 
EGFRvIII  plus  2ug  of  EGFR,  HER2,  or  HER4  constructs  made  kinase  inactive  by 
mutation  of  the  ATP  binding  lysine  (kdEGFR,  kdHER2,  or  kdHER4),  or  the  normally 
kinase  inactive  HERB.  Phosphotyrosine  and  receptor  antibody  immunoblots  are  shown 
that  demonstrate  EGFRvIII  autophosphorylation  and  its  tyrosine  phosphorylation  of 
kinase  inactive  HER  1-4.  For  EGFR  lysate  immunoblots  were  used  because  our  carboxy- 
terminal  antisera  does  not  distinguish  EGFR  and  EGFRvIII.  For  HER2-4  the  dual 
transfected  cells  were  homogenized,  split  into  two  aliquots  and  immunoprecipitated  with 
EGFR  and  the  respective  HER2-4  antibody  prior  to  gel  electophoresis  and 
immunoblotting.  EGFRvIII  induced  phosphorylation  of  itself  and  each  of  the  EGFR 
family  members.  MCFIOA  cells  (B)  or  SUM44  cells  (C)  stably  expressing  EGFRvIII  or 
vector  control  were  starved  for  24  hours  (control)  or  stimulated  with  lOOng/ml  heregulin 
B1  or  lOng/ml  EGF  for  15’,  immunoprecipitated  with  either  anti-EGFR,  anti-HER2,  anti- 
HER3,  or  anti-HER4  and  blotted  with  anti-phosphotyrosine.  EGFRvIII  was 
constitutively  phosphorylated,  as  was  HER2. 

Figure  2.  EGFRvlII-induced  growth  factor  independent  proliferation.  A)  MCFIOA- 
pLXSN  or  MCFlOA-vIII  cells  were  grown  in  growth  factor  complete,  EGF-,  IGF-,  or 
EGF-  and  IGF-deficient  medium  for  7  days  (3  media  changes).  Cells  were  counted  and 
ratio  of  cells  in  growth  factor-deficient  vs.  complete  medium  is  shown.  Cells  were  grown 
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in  complete  (B)  or  EGF-deficient  medium  (C)  and  counted  at  the  times  shown.  Although 
EGFRvIII-expressing  cells  grew  more  slowly  in  complete  media  than  vector  control  cells, 
EGFRvIII  enabled  growth  factor-independent  proliferation. 

Figure  3.  Downstream  signal  transduction  pathways  induced  by  EGFRvIII 
expression.  MCFlOA-vIII  expressing  or  vector  control  cells  were  withdrawn  from  EGF 
and  insulin  for  24  hours  and  unstimulated  (control)  or  stimulated  with  heregulin  or  EGF 
for  15  minutes,  lysed,  electrophoresed,  and  blotted  with  antibodies  against  the 
phosphorylated  forms  of  Akt,  p44/42  MAPK,  p38  MAPK  or  INK.  EGFRvIII  expressing, 
but  not  control  cells  demonstrated  constitutive  phosphorylation  of  Akt  and  p44/42 
MAPK.  EGFRvIII-expressing  cells  demonstrated  reduced  INK  phosphorylation  in 
response  to  ligand  stimulation. 

Figure  4.  EGFRvIII-induced  soft  agar  growth  and  transient  tumor  formation  in 
nude  mice.  A)  MCFlOA-pLXSN  or  MCFlOA-vIII  cells  were  grown  in  complete 
medium  in  soft  agar.  MCFlOA-vIII  cells  formed  multiple  colonies  under  anchorage- 
independent  conditions,  while  MCFlOA-pLXSN  were  unable  to  form  colonies.  B) 
MCFIOA-vIII  cells  were  injected  into  nude  mice.  Tumor  volume  as  determined  by  3- 
dimensional  measurements  vs.  time  since  injection  is  shown  as  an  average  of  all  tumors. 
MCFlOA-vIII  cells  formed  small,  transient  tumors. 
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immunohistochemistry  [8,  9].  The  same  reagent  revealed  that  as  prostate 
carcinomas  increase  in  grade,  immunodetectable  vIII  protein  levels  increase 
[10]. 
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RNA  concentration  and  purity  was  initially  determined  by  absorbance  at 
260/280.  After  dilution  to  lOng/pl,  RNA  was  again  quantified  using 
Ribogreen  fluorescence  quantitation. 


EGFR  was  measured  using  lOng  of  total  RNA  per  reaction.  Given  the 
presumed  lower  concentration,  40ng  of  total  RNA  were  used  for  vIII  assays. 
Tumors  and  matched  normal  controls  were  assayed  in  triplicate  using  the 
same  reagent  master  mix. 

3  fold  dilutions  of  gene  specific,  synthetic  RNA  (sRNA)  were  used  as  positive 
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Multiscribe  Reverse  Transcriptase  (50U/pl)  0.25  U/pl 
Rnase  Inhibitor  0.4  U/pl 


IMMUNOPRECIPITATION 


0.1%  Tween-20,  membranes  were  incubated  with  1:1000  dilution  of  AB22 
(anti-EGFR)  or  DH8.3  (monoclonal  anti  vIII,  AbCam). 

Membranes  were  washed  then  incubated  with  anti-rabbit  (1:10000)  or  anti¬ 
mouse  (1:5000)  secondary  antibody. 

Detection  was  performed  by  ECL. 


HERl  (EGF  receptor)  absolute  standards  HERl  (EGF  receptor)  absolute  standards 
amplification  plots.  (black  dots)  and  tumor  samples  (red  dots). 
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Reduction  Mammoplasty 


Immunoanalysis  of  Breast  Tumors 
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Immunoanalysis  of  Prostate  Tumors 


Immunoblot:  anti-EGFR  (#22)  Immunoblot:  anti-EGFR  vlll  (DH8.3) 


EGFR  vlll  RNA  expression:  Cell  lines  and  Gliomas 
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we  would  most  expect  to  cross-react  with  oligos  designed  to  bind  vIIL  Indeed,  Olapade  [10]  reports 
finding  vIII  mRNA  in  prostate  carcinomas  using  three  oligonucleotide  sets  that  cross-react  with  both  EGFR 
and  vIII.  Of  our  oligo/probe  set  only  the  3’  vIII  specific  oligonucleotide  binds  to  EGFR  while  the  5’  oligo 
and  the  probe  are  vIII  specific.  Using  this  vIII  oligo/probe  set  we  were  unable  to  detect  8000  fg  of  EGFR 


sRNA  (data  not  shown),  further  attesting  to  its  specificity.  Despite  tremendous  sensitivity,  FQ-PCR 
affords  a  second  level  of  specificity  because  detection  is  carried  out  in  a  single  reaction  vessel  inclusive  off 
reverse  transcription  and  one  set  of  PCR  (40  cycles).  In  contrast  Olapade  used  3  sets  of  sequential  nested 
amplifications,  each  requiring  40  cycles  of  PCR. 
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immunoanalysis.  We  have  extensively  characterized  a  polyclonal  rabbit  antiserum  (#22)  that  binds  the 
carboxyl-terminus  of  EGFR.  This  antiserum  easily  immunoprecipitates  both  full  length  EGFR  and  vIII. 
We  used  the  commercial  anti-  vIII  monoclonal  antibody  DH8.3  to  detect  truncated  receptor  protein 
expression  in  MCFlOA-pLXSN-vIII  infected  cell  lines,  prostate  tumors  and  breast  tumors.  Prostate 
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